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ABSTRACT 
Comparative population genomics and speciation of snakes  
across the North American deserts 
by  
Edward Alan Myers 
Advisor: Frank T. Burbrink, Ph.D. 
 Understanding the process of speciation is of central interest to evolutionary biologists. 
Speciation can be studied using a phylogeographic approach, by identifying regions that promote 
lineage divergence, addressing whether speciation has occurred with gene flow, and when 
extended to multiple taxa, addressing if the same patterns of speciation are shared across 
codistributed groups with different ecologies. Here I examine the comparative phylogeographic 
histories and population genomics of thirteen snake taxa that are widely distributed and co-occur 
across the arid southwest of North America. I first quantify the degree to which these species 
groups have a shared history of population divergence across a well-documented 
phylogeographic barrier, the Cochise Filter Barrier (CFB), and estimate the timing of divergence 
for each taxon pair using a single locus. This study reveals 1) substantial population structure in 
these snake groups, 2) climate explains the greatest amount of genetic divergence, and 3) that the 
CFB has likely been important in lineage formation and species diversification. Although these 
species groups broadly share population structure, multiple methods of divergence-time dating 
illustrate that there is strong support for asynchronous diversification and little concordance 
among timing estimates.  
In order to address how speciation has occurred within these species groups, I generated a 
sub-genomic dataset using a reduced representation approach, genotyping-by-sequencing. I then 
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used coalescent population genetic techniques to model historical demographic patterns across 
these thirteen species groups for 5,496 – 21,259 unlinked single nucleotide polymorphisms 
(SNPs), assessing congruence in spatial genetic structure, timing of divergence, and the mode of 
speciation across the desert southwest of North America. I first assessed population structure and 
tested for a signature of isolation-by-distance, then tested the validity of these groups as distinct 
species using a coalescent method that accommodates the species phylogeny as well as 
incomplete lineage sorting. Tests of selection, using a method that estimates residual levels of 
population structure, were also implemented because selection can confound demographic 
inference. I then used demographic model selection to examine mode of species divergence in 
each taxon, assessing alternative models that included (a) strict isolation, (b) divergence with 
secondary contact, and (c) divergence with continuous gene flow. Results from this study 
suggest that all populations identified via clustering methods represent distinct species with non-
concordant contact zones across each species group. In addition, there is significant isolation-by-
distance in nearly all species groups. Importantly, model selection demonstrates with strong 
support that speciation occurred with continuous gene flow, suggesting parapatric speciation is 
common across this assemblage of snake species. Therefore, in contrast to the classic allopatric 
model of speciation, which has been the paradigm mode in vertebrates, I demonstrate that 
speciation with gene flow may be common at well-documented phylogoegraphic barriers. 
Additionally, diversification due to large-scale climatic oscillations during the Quarternary does 
not explain the pattern of speciation within this region. 
Parapatric speciation is often considered to be the result of divergent natural selection 
across a heterogeneous landscape. However, isolation-by-distance has been shown to produce 
patterns of parapatric speciation without ecological gradients, geographic barriers, or disruptive 
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natural selection. Within this system, I found strong support for parapartic speciation across a 
heterogeneous landscape, yet with a significant signal of isolation-by-distance. Therefore, I also 
tested whether speciation across the arid southwest was mediated by divergent ecological 
speciation or occurred neutrally, simply due to geographic distance separating populations. 
These two processes propose different, testable predictions: ecological speciation posits that 
reproductive isolation positively correlates with adaptive ecological divergence and divergence 
time, while neutral processes imply reproductive isolation will be positively correlated with 
divergence time and not ecological divergence. I test these alternative hypotheses using metrics 
of reproductive isolation from the previously generated population genomic data. Ecological 
divergence was estimated using ecological niche models and morphometrics defined by the 
degree of divergence in vertebral number and head shape. Both multiple linear regression models 
and Bayesian model averaging were used to assess how reproductive isolation scales with 
divergence time and ecological divergence. I find that reproductive isolation co-varies with head 
morphology across these thirteen sister species pairs, such that as the strength of reproductive 
isolation increases, divergence in head shape also increases. This work provides a potential 
mechanism for parapatric speciation and suggests divergent natural selection on ecology is 
important in driving lineage formation and speciation. 
In summary, the results from these analyses advance our knowledge of community 
diversification by illustrating how taxon groups have independent histories (i.e. asynchronous 
divergence times and independent primary contact zones) across a region notable for influencing 
patterns of speciation. These differences are likely a result of species-specific ecological 
preferences and physiological tolerances. Despite this, there is a shared, yet seemingly 
uncommon geographic mode of speciation: parapatry. Finally, this shared mode is likely 
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mediated by a common mechanism of divergent natural selection, which can be detected in 
differences in head shape morphology. This suggests that parapatric speciation is being driven by 
adaptation to different environments across the arid southwest of North America. 
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Introduction 
A primary focus of evolutionary biology is understanding the process of speciation. 
Historically this field has focused on the geography of speciation, attempting to address whether 
populations must be physically separated from one another in order for the process to occur. This 
is known as allopatric speciation (Mayr 1942), and has largely been the accepted mode because 
the definition of a species has historically focused on complete lack of gene flow. However, the 
notion that speciation only occurs with a lack of gene flow has been challenged and many 
authors argue that speciation with gene flow is likely common across the tree of life (Nosil 2010; 
Pinho and Hey 2010). Whether gene flow between recently diverged taxa is occurring in primary 
or secondary contact is an open question that relates to the geography of speciation. Secondary 
contact can occur after allopatric speciation, when the physical barrier separating sister species is 
no longer an obstacle and their geographic distributions overlap. In contrast, gene flow with 
primary contact is the outcome of parapatric speciation, where speciation occurs within a 
continuously distributed taxon without a physical barrier. 
 Potential mechanisms that drive speciation can be classified as either ecological or non-
ecological. Ecological speciation occurs when divergent selection leads to local adaptation and a 
reduction in gene flow (Schluter 2000). This process initiates population divergence and given 
the reduction in gene flow, can lead to reproductive isolation.  Alternatively, non-ecological 
mechanisms, for example random genetic drift, Bateson-Dobzhansky-Muller incompatibilities in 
populations experiencing similar selective pressures, or sexual selection not involving selection 
on ecologically relevant traits, can result in speciation (Rundle and Nosil 2005). Ecological and 
non-ecological modes of speciation posit different sets of testable predictions (Schluter 2009) 
that can be used to identify the roles of different evolutionary processes in producing 
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reproductive isolation. Ecological speciation, with its emphasis on divergent selection in 
contrasting environments, predicts that reproductive isolation scales with adaptive ecological 
divergence and recent studies at deep phylogenetic time scales found support for this hypothesis 
(Funk et al 2006). At these depths, reproductive isolation appears to be positively associated with 
divergence time. However, whether this relationship persists at more recent times scales, 
particularly at the phylogeographic level, is unknown. 
 Comparative phylogeographic studies traditionally focus on spatial and temporal 
divergence across communities (e.g. Castoe et al. 2009; Soltis et al. 2006). However, less 
attention has been paid to shared modes of speciation or attempting to detect the mechanism 
driving speciation. Furthermore, the dominant mode of species divergence across a community is 
often unknown because the biogeographic setting that drove lineage divergence is unclear at 
many phylogeogrpahic breaks (Edwards et al. 2016). As a result, researchers might assume 
sister-species pairs that have diverged synchronously in time and space have done so via 
allopatry, leading to the conclusion that codistributed species groups may have completely 
concordant histories of diverge. However, species divergence histories could be heterogeneous 
across codistributed taxon groups, in which case, there are no shared biogeographic barriers or 
divergence times, and potentially multiple geographic modes of speciation. Such asynchronicity 
in speciation divergence histories could arise because of intrinsic ecological and physiological 
properties of codistributed species (Papadopoulou and Knowles 2016; Edwards et al. 2016). 
Additionally, codistributed species may have diverged at different times yet have common 
spatial genetic structure at a barrier and therefore share the same geographic mode of speciation. 
Asynchonicity might be expected at large physical barriers where divergence can only happen 
when dispersal and colonization occurs across a pre-existing barrier to gene flow (e.g at the 
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Mississippi River; Pyron and Burbrink 2010). Furthermore, the mechanism responsible for 
speciation might be taxon specific, for example some species may be diverging because of 
divergent natural selection while other co-distributed taxa have diverged because of genetic 
incompatibilities that have become fixed in sister populations. Despite the fundamental nature 
and broad implications of these questions, this has not been addressed with a community-level, 
comparative phylogeographic study. 
 
Study Region and Taxa 
 The Cochise Filter Barrier (CFB), an ecotonal region between the Sonoran and 
Chihuahuan Deserts, has long been recognized as a suture zone between recently diverged taxa 
as well as a filter barrier between the two deserts (Remington 1968; Morafka 1977). 
Phylogeogrpahic studies, in particular, have demonstrated the importance of this region in 
promoting lineage formation and speciation in plants, insects, and vertebrates (Andersen & Light 
2012; Anderson& Greenbaum 2012; Castoe et al. 2007; Devitt 2006; Hekkala et al. 2011; 
Hunter et al. 2001; Jaeger et al. 2005; Leaché & Reeder 2002; Mulcahy 2008; Orange et al. 
1999; Pyron & Burbrink 2009; Rebernig et al., 2010; Serb et al. 2001; Smith & Farrell 2005; 
Zink et al. 2001). Fossil pollen data suggest that the desert plant community of this region was 
replaced by open conifer woodland during the late Pleistocene (Thompson & Anderson 2000), 
this could have served as an ecologically mediated barrier to gene flow thus promoting species 
diversification. However, it is possible that divergence at the CFB is older than the Pleistocene, 
particularly given the initial desertification in the Pliocene and the uplift of the Sierra Madre 
Occidental during the Miocene (Riddle & Hafner 2006; Wilson & Pitts 2010a). 
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There are thirteen colubroid snake taxa, which all likely represent species complexes, that 
are widely co-distributed and have geographic ranges that span the CFB (Pituophis catenifer, 
Lampropeltis getula, Rhinocheilus lecontei, Arizona elegans, Masticophis flagellum, Salvadora 
hexalepis, Thamnophis marcianus, Sonora semiannulata, Hypsiglena torquata, Trimorphodon 
biscutatus, Crotalus molossus, Crotalus scutulatus, and Crotalus atrox). Previous research 
indicates many of these taxa have distinct lineages in the Sonoran and Chihuahuan deserts that 
meet at the CFB (e.g Anderson & Greenbaum 2012; Castoe et al. 2007; Pyron & Burbrink 
2009). Given their overlapping distributions and potentially similar patterns of population 
structure, this group provides the context in which to test for synchronous divergence times and 
shared diversification modes. Furthermore, morphological differences (e.g. scale counts, body 
proportions, and color pattern) have been detecting between many sister taxon pairs that have 
diverged at the CFB (Anderson & Greenbaum 2012; Blanchard 1924; Devitt et al. 2008; Klauber 
1946; LaDuc & Johnson 2003; Spencer 2008). In addition to these differences, venom protein 
composition have diverged between Sonoran and Chihuahuan populations of two of the 
rattlesnake species (Glenn & Straight 1989; Glenn et al. 1983; Minton & Weinstein 1986), and 
these venom differences have likely evolved in response to local prey (Wilkinson et al. 1991). 
Overall, this snake assemblage at the CFB are diverse with respect to divergence time, ecology, 
and morphology, therefore representing natural replicates of the process of speciation and a 
model system for testing mechanisms of divergence (Rosenblum & Harmon 2011). 
 In my research, I address whether codistributed snake species (1) have common spatial 
patterns of genetic diversity, (2) whether an assemblage of taxa have synchronous divergence 
times across a well established phylogeographic barrier, (3) if the geographic mode of speciation 
across this assemblage is shared or taxon specific, and (4) lastly if the snake species diversity 
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within this region is the result of divergent natural selection or non-ecological mechanisms. In 
order to address these questions, I first use a single mitochondrial locus to assess patterns of 
lineage formation using estimates of gene trees and testing for an association of genetic diversity 
and biogeographic barriers, climate, and geographic distance. Using these data, I then test for 
synchronicity in divergence times across the CFB using a model-based hierarchical approximate 
Bayesian computation approach (Chapter 1). Secondly, utilizing advances in high-throughput 
sequencing technologies, I generate a comparative sub-genomic dataset via genotyping-by-
sequencing to address geographic modes of speciation in a model selection framework (Chapter 
2). Lastly, I integrate morphology, ecological niche modeling, and these genomic data to test for 
ecological speciation across the snake assemblage (Chapter 3). 
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Chapter 1: Asynchronous Diversification of Snakes in the North American Warm Deserts 
 
Introduction 
Climate and associated habitat change have acted as drivers of species diversification and 
altered community composition, particularly during glacial cycles of the Pleistocene (Rand, 
1948; Arbogast & Slowinski, 1998). The Pleistocene species pump hypothesis (PSP) suggests 
that glacial advances restricted sister populations in allopatric refugia resulting in species 
divergence (Knowles, 2000; Weir & Schluter, 2004). However, some studies suggest that species 
diversification have preceded the Pleistocene (Klicka & Zink, 1997; Zink et al., 2004). Despite 
the timing of species diversification, many taxa were displaced from much of their current 
distributions while tracking suitable habitat as glaciers repeatedly advanced and retreated during 
the Pleistocene (Hewitt, 2000), therefore it might be expected that there are concerted 
phylogeographic patterns within codistributed species (Arbogast & Kenagy, 2001). These 
concordant patterns might also extend to a single pulse of diversification across multiple 
population pairs spanning the same barrier to gene flow. Evidence against this has been reported, 
where divergence times are not shared but rather the observed phylogeographic patterns are the 
result of various processes occurring at different times (Soltis et al., 2006).  
 The Cochise Filter Barrier (CFB; Figure 1.1), an ecotonal region between the Sonoran 
and Chihuahuan Deserts, has been recognized as a region promoting lineage divergence, a suture 
zone between recently diverged taxa, and a filter barrier between the two deserts (Remington, 
1968; Morafka, 1977; Zink et al., 2001). Palaeo-niche models and fossil pollen data suggest this 
region would have been inhospitable to desert adapted taxa during the last glacial maximum 
(Thompson & Anderson, 2000; Rebernig et al., 2010: Zink, 2014). The PSP hypothesis would be 
 7 
supported if glacial-pluvial cycles were driving ecologically mediated divergence (Riddle & 
Hafner, 2006; Pyron & Burbrink, 2010). However, it is possible that divergence at the CFB is 
older than the Pleistocene, particularly given the initial desertification in the Pliocene and the 
uplift of the Sierra Madre Occidental during the Miocene (Riddle & Hafner, 2006; Wilson & 
Pitts, 2010a). 
Despite previous phylogeographic studies at the CFB (Zink et al., 2001; Pyron and 
Burbrink, 2010) it remains unclear how the spatial genetic structure of organisms across the 
community was formed by the combined effects of isolation by distance, environmental 
heterogeneity, or other barriers to gene flow. Geographic features are often invoked to explain 
spatial genetic structure (Sexton et al., 2014), for example across the desert southwest of North 
America we might expect divergence to be correlated with sampling locality east or west of the 
CFB or for genetic diversity to be negatively correlated with longitude. Alternatively, genetic 
similarity might be a function of geographic distance between populations, resulting in a pattern 
of isolation by distance (Wright, 1943). Population differentiation could also be due to local 
adaptation to abiotic factors such as climate (Sexton et al., 2014). Therefore, it is important to 
understand how each of these variables influence patterns of gene flow and maintain divergent 
lineages across communities. A comparative phylogeographic approach would provide the 
necessary data to address both the PSP hypothesis while also addressing what variables correlate 
with genetic diversity. 
Herein, I investigate the phylogeographic history of twelve species of snakes 
codistributed across arid western North America. The focal taxa occupy similar environments, 
however, they differ in important ecological characteristics such as body size, dispersal 
capabilities, and microhabitat preferences (Ernst & Ernst, 2003). Five of these species groups 
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have been shown to have structured populations at the CFB and many of these lineages have 
been elevated to species level status (Devitt, 2006; Castoe et al., 2007; Mulcahy, 2008; Pyron & 
Burbrink, 2009; Bryson et al., 2011; Anderson & Greenbaum, 2012; Schield et al., 2015). I ask 
if all twelve species groups have the same determinants of spatial genetic diversity; if genetic 
diversity is correlated with particular environmental variables then it is likely that sister 
populations within these species have clustered divergence times. Alternatively, if genetic 
diversity among taxa is correlated with different variables then sister-species pairs may have 
heterogeneous divergence times and pseudo-congruent phylogeographic histories. I use 
hierarchical approximate Bayesian computation (hABC) to explicitly model the stochasticity 
associated with mutation and gene-tree coalescence while allowing species-specific parameters 
to vary to assess support for a clustering of divergence times. Divergence times based on gene-
tree divergence and population divergence are then estimated using a number of methods. 
 
Methods 
Study Taxa and Genetic Data 
My focal community consists of twelve snake species that span the CFB (Table 1.1: the 
use of nominate species names does not indicate that I disagree with previous species 
delimitation analyses). Samples were taken from across the distribution of these taxa; however 
collecting was focused largely in the Sonoran and Chihuahuan Deserts within the US. In several 
instances, sequences from previous studies were downloaded from Genbank (Devitt, 2006; 
Mulcahy, 2008; Pyron & Burbrink, 2009; Anderson & Greenbaum, 2012) and incorporated into 
this project. DNA was extracted from tissue with Qiagen DNeasy kits and the mitochondrial 
cytochrome b (cytb) locus was amplified via PCR using primers H16064 and L14910 (Burbrink 
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et al., 2000). PCR products were cleaned using Exo-Sap-IT (USB Corporation; Santa Clara, 
CA), and sequenced in the forward direction with the L14919 primer (Burbrink et al., 2000). All 
sequences were aligned in Geneious using MUSCLE with default parameters and translated to 
amino acid sequences to ensure an open reading frame.  
 
Gene-tree Estimation 
To assess phylogeographic structure and gene divergence times within each taxon gene-
trees were generated using Bayesian inference in BEASTv1.8.0 (Drummond et al., 2012). Each 
tree was rooted with an appropriate out-group (Appendix 1.1). The best-fit model of sequence 
evolution based on AIC was determined using jModelTest2 (Darriba et al., 2012). Best-fit 
models were implemented in gene-tree estimation, with a constant population size prior, and a 
molecular clock rate of 1.34x10-8. This mutation rate was chosen based on fossil calibrated 
divergence time estimates for both cytb and ND4 in colubroid snakes (Daza et al, 2009), 
importantly the 95% CI of this estimate broadly overlaps with other estimated mtDNA mutation 
rates in snakes and therefore is not significantly different from other estimated rates (Zamudio 
and Green 1997; Burbrink et al., 2011). Analyses were run for between 106 to 25x107 
generations, with the first 10% of samples discarded as burn-in. Two BEAST runs were 
conducted with random starting seeds to ensure MCMC chains were converging on similar 
parameter estimates. 
 
Tests of Association with Genetic Structure 
I used redundancy analyses (RDA), a method that tests how much variation in a set of 
variables is predicted by the variation in another set of variables allowing me to test for 
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correlation between genetic diversity and several abiotic variables. This method can be used to 
test for correlations while bypassing statistical problems with distance measures using standard 
Mantel tests (Kierepka & Latch, 2015). A normalized genetic distance matrix was created from 
sequence data for each taxon, which was then subjected to a principal coordinates analysis 
(PCoA). Current climate variables interpolated at 2.5 arc-min resolution were obtained from the 
WorldClim database (Hijmans et al., 2005) and data at sampling localities were extracted. 
Isothermality and temperature annual range were excluded because they are correlated with other 
variables. The Western Continental Divide (WCD) is often identified as the barrier responsible 
for lineage formation in this region (Castoe et al., 2007); I use this distinction here and determine 
populations based on sampling localities of individuals east or west of the WCD (USGS, 2002). 
PCoA matrices of genetic distance were used as response variables, where geographic distances 
between collecting localities, current climate, and location east or west of the WCD were used as 
explanatory variables. Each of these variables could be confounded by the others, thus analyses 
of single variables were conditioned on the remaining variables (e.g., when a correlation between 
genetic variation and distance is estimated, climate and the effect of the barrier are controlled). I 
conducted seven analyses, where predictions of genetic structure were tested using geographic 
distance, current climate, a geographic barrier, or all combinations of these and a full model with 
all variables. These analyses return an r2 value where statistical significance can be assessed 
using an ANOVA. To conduct these analyses I used the R packages raster, rworldmap, rgdal, 
ape, and vegan (Paradis et al., 2004; Keitt et al., 2011; South, 2011; Hijmans & van Etten, 2012).  
 
Test of Selection 
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Any correlation between genetic variation and the variables tested above might suggest 
that the locus is under selection. I tested for a signature of positive selection using Tajima’s D 
(Tajima, 1989) in DnaSP v5.10.1 (Rozas et al., 2003), by calculating this summary statistic for 
both synonymous and nonsynonymous sites separately. Purifying selection is expected to result 
in significantly negative values of nonsynonymous sites only, whereas a result of negative values 
for both synonymous and nonsynonymous sites is suggestive of recent population expansion 
(Hahn et al., 2002). 
 
Test of Synchronous Divergence 
The hABC software pipeline msBayes was used to test for synchronous divergence 
among the 12 population pairs (Huang et al., 2011). This analysis was conducted using two 
different population assignments; 1) individuals were assigned to populations based on gene-tree 
monophyly regardless of sampling location and 2) population assignment was based on sampling 
locality with respect to the WCD rather than based on the criteria of strict reciprocal monophyly. 
For both analyses, 1000 samples from the posterior distribution of the hyper parameter Ω, the 
ratio of variance to the mean in divergence times, were obtained using rejection sampling 3x106 
simulated draws from the prior generated by msBayes followed by a post acceptance adjustment 
using local linear regression (Beaumont et al., 2002). 
The power of msBayes in detecting variation in divergence times has been called into 
question (Oaks et al., 2012; Oaks et al., 2014) even though empirical inferences of synchronous 
divergence is rarely a result (Hickerson et al. 2014). These papers demonstrate that msBayes can 
underestimate the number of co-divergence events (Ψ) at shallow time scales. This bias occurs 
due to insufficient prior sampling arising from the use of unnecessarily wide priors, resulting in 
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an under-sampling of non-simultaneous divergence histories within the timescale of divergence 
times with higher likelihood  (Hickerson et al., 2014). Secondly, this bias becomes negligible if 
one uses estimates of the dispersion index of population divergence times (Ω) rather than Ψ 
(Hickerson et al., 2014). Although Ψ is used to structure the hABC model, unlike Ω, it is not 
well correlated with the variability in divergence times. For example, Ψ = 8 could generate less 
variability than a history of Ψ = 2 if the former consists of eight tightly clustered divergence 
times while the latter consists of two pulses of divergence seperated by millions of years. 
Furthermore, the reported bias is towards a result of synchronous divergence such that an 
inference of asynchronous divergence across taxon pairs, especially at recent time scales, is 
likely a conservative result. Lastly, power analyses with priors on population divergence times 
informed by gene divergence times has demonstrated that msBayes correctly rejects 
simultaneous divergence with low error rates even with narrowly spaced divergence times, thus 
analyses should not suffer from model misspecification (Hickerson et al., 2014). 
Demographic inference based on single locus data can be precarious because of 
coalescent variance (Edwards & Beerli, 2000). Hierarchical models can incorporate such 
stochasticity across taxa by combining datasets into a single analysis thus gaining “borrowing 
strength” (Xue & Hickerson, 2015). Therefore, power is gained by making inferences across 
species by pooling the data without making the assumption that these data come from the same 
population sizes, divergence times or population size changes (Beaumont & Rannala, 2004). 
This allows for estimation across species parameter congruence while borrowing strength from 
the entire phylogeographic sample, effectively increasing the sample size. 
 
Divergence Time Estimation 
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In addition to the above BEAST divergence time estimates, a point estimate of 
divergence time was calculated by dividing πnet by a rate of 1.34x10-8 mutations/site/year (Daza 
et al., 2009), where πnet was calculated from the msBayes pipeline. Furthermore, estimates of 
divergence time between taxon pairs were estimated using BPPv3.1 (Yang & Rannala, 2014). 
Individuals were again divided in to populations based on 1) sampling locality and 2) on gene-
tree monophyly. This method uses the multispecies coalescent to estimate parameters in a 
Bayesian framework accounting for incomplete lineage sorting (Yang & Rannala, 2014). Priors 
on the population size parameters (θ’s) were given a gamma distribution with shape parameters 
from Watterson’s θ summary statistic calculated using msBayes. Divergence time (τ) for each 
taxon pair was also assigned a gamma prior. Where possible these were based on previous 
estimates from phylogeographic studies (Table 1.1: Castoe et al., 2007; Mulcahy & Macey, 
2009; Pyron & Burbrink, 2009; Bryson et al., 2011; Anderson & Greenbaum, 2012). However if 
prior information was unavailable I selected priors by conducting preliminary runs, here each 
population pair was run with τ priors of G(2, 500) (deeper divergence) with a mean of 0.004 and 
then with G(2, 2000) (shallower divergence) with a mean of 0.001. These τ estimates were 
checked to ensure that the prior means were realistic for the data and a reasonable prior was then 
selected for longer runs (Table 1.1). Analyses were run for 1x106 generations following a burn in 
of 1x105 with a sampling frequency of 5. Each analysis was run three separate times to ensure 
consistency among parameter estimation. τ was converted to absolute time following Burgess & 
Yang (2008) with a mutation rate of 1.34x10-8 mutations/site/year. Tracer v1.6 (Rambaut et al., 
2014) was used to examine the trace plots of τ and Θ parameters to ensure that stationarity had 
been reached. Additionally, the sensitivity of these results to assumptions on mutation rates were 
explored using a range of mutation rates from the literature (see Appendix 1.5). 
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Results 
Genetic Data and Gene-tree Estimates 
The mean number of samples/species was 62.25 (range: 20–132; Table 1.1). The new 
DNA sequence data consisted of 445 cytb sequences, plus an additional 302 sequences from 
Genbank (two of these datasets were ND4; Devitt, 2007; Mulcahy, 2008) for a total of 747 
sequences (Appendix 1.1). 
All ESS values were greater than 200 for all BEAST gene-tree estimates. The multiple 
runs within each taxon converged on similar topologies and divergence times. The gene-tree 
estimates revealed a division in nearly all taxa at the CFB, with lineages largely found east or 
west of the WCD (Figure 1.2). The only exception to this is the Trimorphodon biscutatus species 
complex, where the two deserts are not reciprocally monophyletic (Devitt, 2006). The topologies 
of these gene-tree estimates are similar to studies examining the phylogeography of some of 
these taxa (Devitt, 2006; Castoe et al., 2007; Mulcahy, 2008; Pyron & Burbrink, 2009; Anderson 
& Greenbaum, 2012; Schield et al., 2015). Here I show that Arizona elegans, Crotalus 
scutulatus, Rhinocheilus lecontei, Salvadora hexalepis, and Thamnophis marcianus have also 
diverged across the CFB. The only species for which there was geographic overlap in the two 
lineages are Crotalus atrox and L. getula (Fig 2). 
Several taxa with wider geographic distributions reveal additional phylogeographic 
structure associated with geography (Figure 1.2). Crotalus scutulatus shows shallow population 
structure east and west of the CFB with an additional lineage in the Mexican states of 
Tamaulipas and Veracruz. There are four mtDNA lineages within Arizona elegans corresponding 
to an eastern lineage throughout Texas, Oklahoma, and Kansas, a lineage in New Mexico south 
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to Coahuila, a lineage west of the CFB through to California, and a lineage distributed in Baja 
California. Rhinocheilus lecontei shows population structure from western Texas into Kansas, a 
western Texas and New Mexico clade, a lineage endemic to the CFB region, a lineage west of 
the CFB into California, and a lineage in the Central Valley of California. There are also four 
lineages within Pituophis catenifer, an eastern lineage occurring within most of Texas and 
Oklahoma, a lineage east of the CFB in central Mexico and New Mexico north into Colorado, a 
Sonoran lineage west of the CFB, and a widespread group in peninsular Baja California, 
California, Utah, and Oregon. I do not always find that the lineages east and west of the CFB are 
most closely related, yet lineage divergence across this barrier indicates that this diversification 
event would have occurred earlier than subsequent divergence events (e.g. in Arizona elegans).  
 The mode divergence times from BEAST ranged from 1.47 myr to 6.99 myr. When 
including the 95% highest posterior densities (HPDs), these results suggest that diversification 
across the CFB has occurred multiple times ranging from the late Miocene to the late 
Pleistocene. Importantly, the 95% HPDs of the most recently diverged populations do not 
overlap with more ancient population divergence times (Table 1.1). For example, Tham. 
marcianus (95% HPD: 0.18 – 0.88 myr), C. scutulatus (0. 752- 2.39 myr), and R. lecontei (1.15-
2.28 myr) do not over lap with A. elegans (2.58-5.99 myr), H. torquata (4.04-11.6 myr), and M. 
flagellum (4.26-8.86 myr). 
 
Explanatory Variables of Genetic Variation 
 The RDA analyses show that in nearly all taxa, a full model incorporating geographic 
distance, climatic conditions, and sampling locality captures the greatest amount of genetic 
variance (Appendix 1.2; Appendix 1.3). Two species deviate from this pattern, R. lecontei where 
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genetic diversity is most highly correlated with climate and T. marcianus, which does not show 
any correlation with the three variables. The amount of genetic variance that is contributed to the 
full model ranges from 3.24-78.7%, geographic distance explains up to 18.4%, climate 
contributes to 1.2-62.7%, and sampling locality explains up to 13.7% of the genetic variation.  
 
Test of Synchronous Divergence 
There is no posterior support for synchronous divergence, suggesting that diversification 
at the CFB can be attributed to multiple historical events. The estimated dispersion index of 
divergence times, Ω, for both msBayes analyses do not sample 0, a value indicative of complete 
co-occurring divergence. The mean of this estimate where populations are based on locality is 
0.41 (highest posterior density = 0.29-0.53), whereas the mean estimate based on monophyly is 
0.30 (HPD = 0.21-0.40). There is uncertainty in the estimate of Ψ, the number of divergence 
events, with the highest posterior support for 2 divergences times (PP=0.34) when based on 
locality, and 8 divergence times (PP=0.22) when based on monophyly. However, the posterior 
never samples a Ψ=1 in either analysis, thus there is strong support for multiple historical events 
driving divergence between the Sonoran and Chihuahuan Desert population pairs. 
 
Tests of Selection 
 Crotalus atrox and C. scutulatus both have significantly negative Tajima’s D values at 
nonsynonymous sites, suggesting that the cytb locus has experienced purifying selection. Two 
other taxa (H. torquata and L. getula) have negative Tajima’s D values at nonsynonymous sites 
with low but non-significant p-values. All other estimated Tajima’s D values are non-significant 
at both synonymous and nonsynonymous sites (Appendix 1.4). 
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Divergence Time Estimates 
 Parameter estimates were congruent among the replicate BPP runs (coefficient of 
variation in mode divergence time estimates ranged from 0.003–0.10) with moderate to large 
ESS values (range = 30–5552) suggesting the MCMC analyses had converged. Furthermore, 
plots of τ and Θ in Tracer v1.6 (Rambaut et al., 2014) indicated that stationarity had been 
reached. The mode divergence times of the population pairs based on geographic sampling 
ranged from 270 kyr to 4.9 myr with considerable variance in each estimate and overlap in most, 
but not all, of the 95% HPDs (Figure 1.3; Table 1.1). For example, the Salvadora hexalepis and 
Hypsiglena torquata species complexes do not overlap in the distributions of estimated 
divergence times. Estimated divergence times from BPP runs where populations are based on 
monophyly range from 490 kyr – 18.5 myr; again there are non-overlapping HPD distributions 
that do not overlap in estimated divergence times (Table 1.1). The estimates from based on 
monophyly are generally older than those based on geographically assigned populations, and in 
some cases substantially older (i.e., H. torquata, see Table 1.1). Point estimates based on the πnet 
summary statistic were generally within the 95% HPDs of the BPP and Beast divergence time 
estimates and ranged from 17 kyr – 4.22 myr when populations are based on geography and 475 
kyr – 7.22 myr when individuals are assigned to populations based on monophyly. The taxon 
pairs that have been elevated to full species status are not older than species pairs that are 
classified as the same species. The oldest diverged populations are found within Hypsiglena and 
have been elevated to species (Mulcahy, 2008) and the most recently diverged have also been 
split into distinct species (Devitt et al., 2008). These results are consistent with msBayes 
suggesting that diversification across the CFB is the result of multiple historical events. 
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Discussion 
 Populations of most species of snakes are structured at the CFB into the Chihuahuan and 
Sonoran Deserts; I found reciprocally monophyletic lineages in 11 of the 12 study taxa (not 
Trimorphodon, Figure 1.2; Devitt, 2006). However, there is likely not a single cause driving this 
diversification. After rejecting a history of simultaneous divergence I can firmly discount that 
variation arose by purely stochastic means; multiple variables (e.g., distance, climate, geographic 
barriers) explain genetic divergence, although these vary in magnitude across codistributed 
species. Similarly, overly broad geographic scales both climate and distance explain species 
turnover and phylogenetic diversity of snake communities (Burbrink & Myers, 2015). Locality, 
east or west of the WCD, and geographic distance explained approximately equal proportions of 
genetic diversity, whereas current climate explains the greatest amount of pairwise genetic 
divergence in 10 of the 12 study species (excluding Thamnophis marcianus and Crotalus 
molossus). It has been suggested that most genetic structure between populations is due to 
isolation by ecology, a pattern that could arise via natural selection leading to nonrandom gene 
flow (Zink, 2014; Sexton et al., 2014). It is possible that divergent natural selection is 
maintaining these lineages at the CFB in their respective desert biome. However by testing for 
the signature of purifying selection I find that only two species (C. atrox and C. scutulatus) 
exhibit a signature of selection within the locus examined here; the other 10 species do not show 
this pattern. 
 Consistent with climate and distance being the main factors structuring genetic diversity 
and there being no parallel response in being located east or west of the CFB, I found no support 
for synchronous divergence among taxon-pairs based on two different population assignments. 
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Instead there are heterogeneous patterns in population divergence, where multiple historical 
events have been responsible for promoting divergence and maintaining isolation between the 
Sonoran and Chihuahuan Deserts. By using an approach that accommodates coalescent 
stocasticity and demographic variability across taxa I find strong support for multiple divergence 
events, where Ψ = 1 is never sampled in the posterior. I exercise caution and do not over 
interpret Ψ beyond simply inferring asynchronous divergence (Hickerson et al., 2014), which is 
also reflected in the estimate of the dispersion index of divergence times (Ω), and is more 
accurately estimated by msBayes (Stone et al., 2012). The posterior sample of Ω ranged from 
0.29-0.53 when populations were partitioned by the WCD and 0.21-0.40 when populations were 
defined by gene-tree monophyly, indicating that the divergence events have occurred across a 
wide range of time. 
 Asynchronous diversification is supported within this assemblage at the CFB, although 
the timing of each event is uncertain. The summary statistic πnet was used to derive a point 
estimate of population divergence time, BEAST estimated gene divergence times, and BPP was 
used to model the multi-species coalescent. This resulted in five estimates of divergence time, 
including both population and gene divergences, for the 12 taxon pairs. When considering all 
methods, the times of gene and population divergence both range from the late Pleistocene to the 
mid-Miocene, yet each method resulted in a different estimate for each taxon pair (Table 1.1). 
This is unsurprising given that the underlying assumptions of the models are very different: the 
πnet method estimates population divergence time while accounting for ancestral polymorphism 
from estimates of extant polymorphism (Nei & Li, 1979), BEAST estimates gene divergence 
times, while BPP accounts for incomplete lineage sorting under a likelihood based statistical 
model. The confidence intervals of these estimates do overlap with previous divergence time 
 20 
estimates in C. atrox (Castoe et al., 2007), L. getula (Pyron & Burbrink, 2009), Pituophis 
(Bryson et al., 2011), Hypsiglena (Mulcahy & Macey, 2009), and C. molossus (Anderson & 
Greenbaum, 2012). Because increasing the number of loci reduces confidence intervals around 
parameter estimates (Felsenstein, 2006; Robinson et al., 2014), future studies should increase the 
sampling of the genome to better determine the timing of divergence events across the CFB. 
The discrepancies observed in the estimated divergence times could arise from the 
assumed mutation rate and/or migration as well as the fact that gene and population divergence 
times are expected to be radically different due to ancestral polymorphism under an isolation 
model (Edwards & Beerli, 2002). Finding an applicable mutation rate across taxa is difficult 
because of rate heterogeneity (Gillooly et al., 2005). The rate I implemented was derived from 
the same loci used in this study, and was estimated from a fossil calibrated phylogeny that 
included representatives of many of the major Colubroid families (Daza et al., 2009), and 
broadly overlaps with other estimated rates within snakes (Zamudio and Green 1997; Burbrink et 
al 2011; see Appendix 1.5 for uncertainty in mutation rates). Furthermore, gene flow between 
these lineages could be high within some taxon pairs. For example, the C. atrox lineages that 
overlap across a large geographic region might show extensive gene flow, however none of the 
methods parameterize migration and using a single locus will provide poor estimates of this 
parameter (Robinson et al., 2014). If migration had occurred and was ignored, the estimated 
divergence times would be younger than the actual timing (Leaché et al., 2013).  
The CFB is a general region causing population divergence across multiple taxonomic 
groups and therefore the mesquite-grassland ecotone between the Chihuahuan and Sonoran 
Deserts may not represent a single specific area driving divergence. Using the WCD as the 
barrier to divide samples into populations may be too strict, resulting in populations of mixed 
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ancestry. I avoided this potential pitfall by analyzing the data in a two ways, where populations 
were based on sampling locality and where populations were based on gene-tree monophyly. 
Irrespective of population assignment strategy, the model-based inference for a single pulse of 
divergence resulted in a strong signal of multiple waves of diversification. The same is true for 
divergence time estimates from BPP and BEAST, where the confidence intervals of the most 
recent and ancient divergence times do not overlap, strongly suggesting there have been multiple 
vicariance events between the Chihuahuan and Sonoran Deserts (Figure 1.3). It is also possible 
that the CFB is maintaining divergences caused by unrelated geologic events; for example in A. 
elegans lineage divergence might have been associated with the development of the Baja 
peninsula and these non-sister lineages are now in contact at the CFB, a similar situation could 
have occurred in the diversification of the R. lecontei group. 
 It is likely that the cyclic nature of climatic fluctuations during the Quaternary as well as 
the secondary uplift of the Sierra Madre Occidental during the Neogene (Wilson & Pitts, 2010a) 
were responsible for lineage formation within this region. Climatic cycles with large-scale 
fluctuations in global and regional temperatures have occurred throughout Earth’s history 
(Dynesius & Jansson, 2000) resulting in restructuring of habitats. Palaeontological studies 
indicate that composition of biological communities during the Pleistocene have no modern 
analogues and it is likely that individual species responded independently to environmental 
changes (Whittaker, 1967), further highlighting species specific ecological tolerances and 
historical distributions supported in comparative phylogeographic studies (e.g., Papadopoulou & 
Knowles, 2015).  
The absence of a single time of divergence is evident from other comparative 
phylogeographic studies that have tested for shared vicariance among codistributed taxon-pairs. 
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A common finding is asynchronous divergence across a large number of taxon-pairs (Chan et al., 
2011), but when subsets of taxa are analyzed, a result of simultaneous divergence is sometimes 
recovered (Chan et al., 2011; Papadopoulou & Knowles, 2015). However, these studies neglect 
to focus on Ω, the dispersion index of divergence times, a hyper-parameter that has been shown 
to robustly characterize variability in population divergence times (Hickerson et al., 2014). 
Secondly, smaller taxon sampling will inherently involve sets of taxa with less variability in 
divergence times because of smaller sample sizes. However, there may be less statistical power 
to reject the incorrect history given that smaller samples sizes yield a weaker statistical 
borrowing strength (Xue & Hickerson, 2015). 
Concordance inferred from smaller subsets of species assemblages could be mediated by 
species-specific ecological traits, for example particular habitat associations may allow for 
persistence of local populations across a landscape thus influencing population connectivity 
(Papadopoulou & Knowles, 2015). This has been demonstrated in Neotropical birds where 
ecology may predict population history, with understory species having older divergence times 
than canopy taxa (Smith et al., 2014). Ecologically mediated vicariance likely acts periodically 
through time and influences species independently due to a combination of species-specific 
ecological preferences and the resulting differential extents of the habitat change occurring at the 
barrier (Pyron & Burbrink, 2010). This is likely the case at the CFB, where populations have 
diverged at different times; future studies incorporating palaeo-niche modelling could address 
how these codistributed taxa have shifted their distributions over time (e.g., Zink, 2014). 
Many other taxonomic groups have been shown to exhibit population genetic structure 
between the Sonoran and Chihuahuan Deserts, including vertebrates (Zink et al., 2001; Pyron & 
Burbrink, 2010), invertebrates (Wilson & Pitts, 2010b), and plants (Rebernig et al., 2010). 
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Furthermore, research on sand dune (insects and Uma lizards) and aquatic habitat specialists 
(snails and pupfish) across arid North America suggest that no one single geological event is 
responsible for current distributions and biogeographical patterns (Van Dam & Matzke, 2016). 
Such a diverse array of taxonomic groups would likely show an even greater disparity in the 
number and timing of diversification events across this region. However, no current methods 
permit this level of community sampling of taxa for phylogeographic investigation. Further 
studies of widespread groups will likely reveal additional taxa that have diversified across the 
CFB. Given the results of previous studies as well as those presented here it is clear that this 
region is responsible for repeatedly causing divergence between populations of codistributed 
species, highlighting the importance of this region in generating the biodiversity of North 
America. 
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Chapter 2: Shared Geographic Modes of Speciation Despite Asynchronicity in Divergence 
Time and Heterogeneous Spatial Patterns 
 
Introduction 
Speciation is a central topic in evolutionary biology. Although well studied, the 
generality of the geographic mode by which speciation occurs is still largely unknown for most 
groups (Coyne & Orr 2004). Allopatric speciation, where a physical barrier impedes gene flow 
between diverging populations, is often accepted as the most frequent mode (Coyne & Orr 2004; 
Mayr 1963). However, the first proposed model of speciation considered adaptation to be more 
important than geographic barriers to gene flow (Darwin 1859), while gene flow continuing 
throughout the process of divergence, in both parapatric and sympatric speciation, are likely 
possible (Nosil 2008; Slatkin 1978). Empirical studies have shown that species can diverge in the 
presence of low levels of gene flow when populations are differentially adapted to unique 
habitats (Hey & Nielsen 2004; Machado et al. 2002; Osada & Wu 2005). Moreover, this 
suggests that species-pairs can diverge in the absence of a geographical barrier (Osada & Wu 
2005). 
Few studies have focused on assessing shared modes of speciation within codistributed 
taxa, and therefore it is not understood if timing and mode of speciation are shared across groups 
of the same biological community. Patterns in marine ecosystems have signatures of both soft-
vicariance (i.e., divergence with gene flow) and isolation via colonization (i.e, strict vicariance; 
Hickerson & Meyer 2008), however similar tests have not been conducted in terrestrial systems. 
Comparative analyses have demonstrated the presence of gene flow at well-established 
phylogeographic breaks (Bell et al. 2012; Singhal & Moritz 2013b), however the temporal aspect 
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of gene flow regarding primary vs. secondary contact has not been addressed. Because the 
biogeographic setting that drove lineage divergence is often not well established in many studies, 
the dominant mode of species divergence across a community is unknown (Edwards et al. 2016). 
The origins and changes of biological communities can be examined by realizing how 
both the timing of divergence and the spatial patterns of genetic diversity are distributed across 
codistributed species. Several distinct patterns could emerge ranging from synchronous 
responses to Quaternary climatic fluctuations, physical barriers or ecological gradients (although 
these potential barriers are not mutually exclusive), to complete incongruence across species in 
response to shared conditions. Therefore, the timing of divergence and mode of speciation across 
a landscape may be shared across a community or be completely idiosyncratic where individual 
ecologies and biogeographic histories dominate. Synchronous divergence times and shared 
spatial patterns strongly suggest that the same historical event has driven diversification across 
some biological communities (e.g., in Alaska small mammals; Lanier et al. 2015), however, 
asynchronicity in the timing of divergence and heterogeneous spatial patterns indicate that 
species-specific ecologies produce varied demographic responses across a landscape (e.g., across 
organisms of the mesic Pacific Northwest; Cartens et al. 2005). Mixed patterns of temporal and 
spatial responses are also outcomes of community-wide phylogeographic analyses. Synchronous 
timing of divergence and heterogeneous spatial patterns might suggest that codistributed species 
have responded to a shared historical event but have expanded into their current distributions in a 
species-specific manner (e.g., Amazonian frogs; Fouquet et al. 2012). For example, an ecological 
barrier (i.e. soft vicariance; Pyron & Burbrink 2009) could separate species into distinct refugia 
during the Quaternary at the same time, but their current distributions resulted from lineage 
specific dispersal rates out of these refugia. Lastly, similar spatial patterns of divergence with 
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non-clustered divergence times might indicates that groups of broadly codistributed species have 
shared ecological tolerances within heterogeneous environments (e.g. across island communities; 
Papadopoulou & Knowles 2015b). 
Despite the focus on spatial and temporal divergence across communities, less attention 
has been given to shared modes of speciation. For example, in the case of timing and spatial 
synchronicity, it might be expected that all sister-species pairs have diverged in allopatry and are 
now in secondary contact. Given such a scenario, codistributed species groups would have 
completely concordant histories of divergence. Alternatively, heterogeneity in species histories 
could predominate across codistributed taxon groups. In this case, divergence with no shared 
biogeographic barrier is expected yielding taxon-specific divergence times and multiple 
geographic modes of speciation. This asynchronicity in speciation histories could arise because 
of intrinsic ecological and physiological properties of codistributed species (Edwards et al. 2016; 
Papadopoulou & Knowles 2016). Additionally, codistributed species may have diverged at 
different times yet have common spatial genetic structure at a barrier and share the same 
geographic mode of speciation. This pattern might be expected at large physical barriers where 
divergence can only happen when dispersal and colonization occurs across a pre-existing barrier 
to gene flow (e.g. at the Mississippi River; Pyron & Burbrink 2010). 
Within arid southwestern North America (NA), several studies have demonstrated that 
codistributed species have a signature of population divergence between the Sonoran and 
Chihuahuan Deserts across the Cochise Filter Barrier (CFB; Chapter 1; Pyron & Burbrink 2010; 
Zink et al. 2001). A comparative phylogeographic study based on mtDNA concluded that 
divergence times were asynchronous among east-west population pairs in 12 snake taxon groups, 
indicating non-shared histories (Chapter 1). Given their overlapping distributions and similar 
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patterns of population structure, this group provides the context in which to test for shared 
diversification modes. Two hypotheses have been proposed to explain the diversification 
mechanisms for this region. (1) The vicariance hypothesis, where species groups distributed 
across the CFB were formerly disjunct during periods of Quaternary climatic change, and are 
now in contact, in this case models of recent or no gene flow would be favored (Pyron & 
Burbrink 2010). Under this scenario it might be expected that all sister-species pairs have similar 
regions of geographic contact, the same mode of divergence, and similar times of speciation, 
however, it is possible that different historical events have driven vicariance at multiple times 
resulting in asynchronous divergence times across taxa. (2) The parapatric divergence 
hypothesis, where divergence could have occurred parapatrically as populations adapted to 
different environments within the Sonoran and Chihuahuan Deserts across the CFB ecotone 
(Figure 2.1; Lowe 1955; Zink 2014). Given this scenario, a model of constant gene flow would 
be a better fit to the data. However, species-specific ecologies may generate asynchronous 
community divergence times even at shared contact zones if each habitat type changes at unique 
times over the Pleistocene. 
Here I use coalescent population genetic techniques to model historical demographic 
patterns across 13 codistributed snakes for 5496 – 21259 unlinked SNPs within a community, 
assessing congruence in spatial genetic structure, timing of divergence, and mode of speciation 
across a major biodiversity hotspot in NA. By doing so, I determine how a region has influenced 
patterns of speciation, the importance of Quaternary climatic oscillations in driving allopatric 
divergence, and the frequency of speciation with gene flow. First, I tested for selection because 
this process can confound historical demographic inference. Then I analyzed alternative models 
of demographic change in each species group. The results from these analyses are incorporated 
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into demographic model selection to test for the mode of divergence within each taxon. 
Following the vicariance hypothesis versus the parapatric divergence hypothesis mentioned 
above, I tested models of (a) strict isolation, (b) divergence with secondary contact, and (c) 
divergence with continuous gene flow. The results from these analyses advance our knowledge 
of community diversification by illustrating how a well-documented phylogeographic barrier has 
driven species level diversification within a community of organisms. 
 
Methods 
Sample Collection 
 Samples were collected throughout the range of each of the 13 snake species groups 
studied here (Arizona elegans, Crotalus atrox, Crotalus molossus, Crotalus scutulatus, 
Hypsiglena torquata, Lampropeltis getula, Masticophis flagellum, Pituophis catenifer, 
Rhinocheilus lecontei, Salvadora hexalepis, Sonora semiannulata, Thamnophis marcianus, and 
Trimorphodon biscutatus), however, collecting efforts were focused on sampling from within the 
Chihuahuan and Sonoran Deserts (see Figure 2.2). Museum samples and tissues from colleagues 
were borrowed in order to fill in sampling gaps where necessary. All collected tissues were 
stored in 90% ethanol. A total of 475 specimens were collected across the 13 species groups. 
 
Generation of Sequence Data 
 Genomic DNA was extracted from muscle or liver tissues using DNeasy kits (Qiagen, 
Valencia, CA, USA) following manufactor’s protocols. Double stranded DNA concentrations 
were quantified using a Qubit (Thermo Fisher Scientific, Waltham, MA USA). I sent 200 ng – 
30,000 ng of DNA from each sample to Cornell Institute of Genomic Diversity for genotyping-
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by-sequencing (GBS; (Elshire et al. 2011)). GBS is a technique for building reduced 
representation libraries conceptually similar to other restriction-site associated DNA sequencing 
methods in that a restriction enzyme is used to reduce the complexity of the genome before 
sequencing. Genomic DNA was digested with the Pst1 (C|TGCAG) enzyme and sample specific 
barcoded adapters as well as a common adapter were ligated to the sticky end of the fragments. 
Samples were purified, pooled for a size selection PCR, and then purified for a second time. 
Libraries were sequenced on an Illumina HiSeq 2000 at the Cornell Core Lab Center. 
 
Bioinformatics/SNP calling 
 I processed raw Illumina reads using the bioinformatics pipeline pyRAD v.3.0 (Eaton 
2014) to assemble de novo GBS loci. Each species group was analyzed independently and 
samples were demultiplexed using their unique barcode sequence. The maximum number of sites 
allowed with a Phred score <20 was set to 4 (these sites were changed to N’s), minimum 
sequence depth was set to 10 reads per locus, and I used a clustering threshold of 90%. All 
fragments were >50 bps in length to be retained. Additionally I filtered sequences such that loci 
with excessive heterozygous sites (>3) were removed to reduce the chances of keeping 
paralogous sequences. Lastly, minimum taxon coverage was set at 75% of all individuals, 
allowing for 25% missing data in the file sequence alignments. Filtered reads for each sample 
were clustered using vsearch (https://github.com/torognes/vsearch) and aligned with MUSCLE 
(Edgar 2004). 
 
Population Structure 
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 To assess the number of genetic groups within each species, population structure was 
assessed for each taxon using both a multivariate and a model-based method using only unlinked 
SNPs. First discriminant analysis of principal components (DAPC; Jombart et al. 2010) as 
implemented in the R package adegenet (Jombart 2008) was used. This k-means clustering 
method conducts a principal components analysis on a matrix of allele frequencies and uses 
discriminant function analysis to identify the maximum separation between genetic clusters to 
identify groups while making no population genetic assumptions (e.g., about Hardy-Weinberg 
equilibrium) and is capable of handling large genomic scale data sets with little computational 
costs (Jombart et al. 2010). DAPC requires that the number of PCs to be retained be user-
specified, and this value can impact the results of the analysis (Jombart 2008). Here cross-
validation was carried out to objectively identify the best number of PCs to retain in the model 
(xvalDapc function in adegenet). The number of genetic clusters in each taxon group was 
selected based on the number that minimized the Bayesian information criterion score across a 
number of groupings. 
 In addition, I implemented sNMF in the R package LEA (Frichot & François 2015), 
which uses sparse nonnegative matrix factorization algorithms and computes least-squares 
estimates of ancestry coefficients (Frichot et al. 2014). This approach does not make equilibrium 
population genetic assumptions (e.g., Hardy-Weinberg and linkage equilibrium) and is robust to 
many demographic scenarios (Frichot et al. 2014). The number of putative ancestral populations 
tested for each taxon ranged from K = 1 – 10, with 10 replicate runs for each value of K. In order 
to assess support for K values the cross-entropy calculation was used, which generates masked 
genotypes to predict ancestry assignment error, where lower values indicate a better prediction of 
the true K ancestral population value (Frichot et al. 2014). Values of K for which the cross-
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entropy score does not decrease further were picked as being the number of populations with the 
greatest support. 
 
Species Validation 
 Throughout this study I adhere to the species definition proposed by Rannala (2016) in 
which species can be defined as groups that are genetically isolated on evolutionary timescales. 
To test the species validity of each inferred group from sNMF, I used Bayesian Phylogenetics 
and Phylogeography (BPP v3.2; Yang & Rannala 2014). This method implements a reversible 
jump Markov chain Monte Carlo to estimate a posterior probability for any number of 
hypothesized species. A random set of 2,000 GBS loci were used in each analysis and guide trees 
were the same as used in fsc25 analyses. Algorithm A10 was implemented and the fine-tune 
variables, that ensure acceptable swapping rates between MCMC chains, were automatically 
updated. Priors for ancestral population sizes (θ) and root age (τ) were the same as used in 
Chapter 1 (Table 1.1). BPP analyses were run three times, each with a different starting seed, to 
ensure consistency among species delimitation estimates. Each analysis was run for 100,000 
generations, following a burn in period of 10,000 and sampled every 10 generations. Plots of τ 
and Θ were examined using Tracer v1.6 (Rambaut et al. 2014) to ensure stationarity of 
parameter estimates had been reached. 
 
Isolation by Distance 
 Genetic structure can be overestimated in the presence of isolation by distance (IBD) 
when individuals are sampled continuously across a landscape (Kierepka & Latch 2015), I 
therefore implemented both redundancy analyses (RDA) and Mantel tests to test for an 
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association between genetic distance and the geographic distance separating sampled individuals. 
RDA tests how much variation in a set of variables is predicted by the variation in another set of 
variables, allowing me to assess IBD and how much of the genetic variation within species 
groups corresponds with the population structure analyses. First, the genetic distance matrices 
were subjected to a principal coordinates analysis (PCoA). I then constructed three models, (1) a 
full model where predictions of genetic variation were tested using geographic distance and the 
results from sNMF, (2) a model which only considered geographic distance, and (3) a model 
which conditioned out distance between sampling localities and considered only groups from the 
above sNMF analyses. This analysis returns an r2 value and statistical significance is assessed 
using an ANOVA. The RDA analyses were conducted in R using the packages adegenet 
(Jombart 2008), vegan (Oksanen et al. 2007), and ape (Paradis et al. 2004).  
 For the Mantel tests, genetic distances were calculated as Prevosti’s genetic distance 
(Prevosti et al. 1975) in adegenet using a matrix of unlinked SNPs for each taxon and geographic 
distances between sampling localities were calculated using the R package fossil (Vavrek 2011). 
Significant patterns of isolation by distance can arise given a number of different scenarios, for 
example a continuous cline of genetic differentiation versus distinct populations that are isolated 
in geographic space (e.g. Slatkin 1993). Therefore, to differentiate between the two patterns I 
plotted genetic distance against geographic distance and assessed how the density of points were 
clustered, where a lack of discontinuities between points indicates a continuous cline of genetic 
differentiation across a landscape. These analyses were conducted in the R package adegenet. 
 
Test for Selection 
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Selection can interfere with inferring historical demography because the expected 
patterns of diversity can be similar, for example the similarity between a selective sweep and 
population bottleneck (Ewing & Jensen 2016; Nielsen et al. 2005; Prezeworski et al. 2005). I 
therefore identified loci that could potentially be under selection from environmental variables 
before conducting any demographic analyses. I tested if any SNP within each taxon group 
exhibited a strong association with climatic variables as compared to the background genomic 
level. This was done using the lfmm function of the R package LEA (Frichot & François 2015) 
which implements latent factor mixed models for detecting loci potentially under selection 
(Frichot et al. 2013). I downloaded the 19 Bioclim variables at 30 arc-sec resolution (Hijmans et 
al. 2005) and extracted the climatic data from the sampling localities. These data were then log-
transformed and a PCA was preformed in order to reduce the dimensionality of the Bioclim 
variables. For all lfmm analyses, the first two PC axes were retained. The number of ancestral 
populations determined from the above sNMF analyses were used here as a latent factor for each 
taxon group. The lfmm analysis for each group was run for 10 repetitions, each for 10,000 
iterations following a burn-in period of 5,000 iterations. For each locus a z-score is estimated 
where false discovery rates were controlled for using Storey's q-values (Storey 2002); Manhattan 
plots were generated to visualize those loci associated with climatic variables.  
 
Demographic Model Selection and Parameter Estimation 
I tested several scenarios of species divergence regarding the extent and timing of gene 
flow. First, population parameters were estimated from the observed data in to order to fix a 
single parameter in the multi-population models, because reducing the number of parameters 
estimated in these multi-population models improves the performance of model selection 
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(Excoffier & Foll 2011; Papadopoulou & Knowles 2015a). I repeated the above bioinformatics 
step using pyRAD, but on single populations as determined by sNMF in order to call SNPs that 
are only relevant to those populations. I then used fastsimcoal25 v2.5.2.21 (fsc25; Excoffier et 
al. 2013) to simulate a site frequency spectrum (SFS) for each population as determined by 
sNMF and conducted approximate Bayesian computation (ABC) model selection using the R 
package abc (Csilléry et al. 2012) with 100,000 simulations conducted per model. Three single 
population models were tested representing, (1) instantaneous population size expansion, (2) 
instantaneous population size contraction, and (3) stable population size through time; each of 
these were tested for all populations independently. The number of individuals and SNPs 
reflected the observed data in these simulations, however populations were down projected 
during construction of the observed SFS in order to keep >5k SNPs in each population; different 
levels of sampling were conducted resulting in 65 different single population analyses. The 
priors used in these single population analyses are as follows: tau (timing of population size 
change in generations) U(1K, 3M), expansion magnitude U(0.0005, 0.15), contraction magnitude 
1/U(0.04, 0.20), expansion Ne U(500K, 3M), stable size Ne U(500K, 3M), and contraction Ne 
U(50K, 500K). After model selection the posterior distributions of Ne, magnitude of size change, 
and tau were examined for the fit of the prior to the data, and the parameter with the lowest 
variance in the posterior across the populations of a single taxon was fixed in the multi-taxon 
demographic model selection analyses. The western population of Salvadora hexalepis was 
excluded from this single population analysis because of the low sample size for this group (only 
two individuals). 
 I evaluated three different demographic scenarios for each species group, representing (1) 
divergence with strict isolation, (2) divergence with secondary contact post-Pleistocene (18 kya), 
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and (3) divergence with continuous gene flow (Figure 2.3). In the groups with three populations, 
migration was only considered between the time of the most recent divergence event and present. 
Furthermore, in cases where a species group was determined to have three populations, I 
assessed population structure in sNMF with K = 2 and compared these to runs of K = 3; the 
group that was split at K = 3 as compared to K = 2 were assumed to be sister populations. The 
three models of divergence were tested using a composite likelihood approach that infers 
demographic parameters from the joint-SFS using coalescent simulations (fsc25; Excoffier et al. 
2013). The joint-SFS of each taxon was down projected to allow for 25% missing data within 
each taxon group. Because no outgroups were sequenced, I used the distribution of minor allele 
frequencies (folded SFS) where the minor allele is considered to be the allele with the lowest 
frequency across all populations. Parameter values to be estimated by fsc25 were selected from 
reasonable distributions for divergence times, current effective population size (Ne), migration 
rates, timing of population size change (tau), magnitude of population size change, and mutation 
rates (Appendix 2.1).  
 For each model, I preformed 20 independent iterations of fsc25, with the following 
settings: -N 100000 (maximum number of simulations/iteration), -L 40 (maximum number of 
EM cycles), and -M 0.001 (stopping criterion for minimum relative difference in parameter 
values). The run from each model with the highest likelihood was then used to assess model fit 
using AIC model selection (Akaike 1974). Point estimates from the best-fit model and iteration 
were used to perform parametric bootstrapping in order to generate confidence intervals around 
estimated parameters (Excoffier et al. 2013; Sovic et al. 2016). I generated 100 bootstraps by 
estimating parameters from a SFS generated from the best-fit model and iteration, using the same 
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setting used in the fsc25 run on the observed data. Time estimates were converted to years using 
generation length for each taxon (Ernst & Ernst 2003). 
 
Results 
Sequencing and Bioinformatics 
 I sequenced 475 specimens resulting in 1,009,845,311 reads and 72.12 GB of raw data 
with an average of 2,120,912.5 ± 1,446,417.4 reads per individual (see Appendix 2.2 for 
specimen information). A total of 383 individuals passed bioinformatics processing, where the 
number of individuals per taxon ranged from 15 – 44 and averaged 29.5 (Table 2.2.1; Appendix 
2.2). After excluding loci with more than 25% missing data, a total of 11,681 – 46,444 SNPs and 
5,496 – 21,259 unlinked SNPs depending on the species groups were retained (Table 2.1). 
 
Population Structure 
 The number of populations and individual assignment to those populations were largely 
in agreement between DAPC and sNMF (Table 2.2). In some cases populations consisted of only 
a single individual (e.g., DAPC supported 6 populations in S. hexalepis, however 5 of these 
populations consisted of a single individual, see Appendix 2.2). Additionally in some species the 
BIC difference between the number of groups was less <1, suggesting that different numbers of 
K are equally good at describing these data. In these cases I used geographically cohesive groups 
that included >1 individual to call populations for further analyses, which largely followed the 
groups defined by sNMF with the lowest cross-entropy score (Appendix 2.3). This resulted in 
two or three populations in each species group (Figure 2.2; Table 2.2; Appendix 2.2), with 
population structure at the CFB as has been shown in previous studies using smaller genetic 
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datasets (e.g., Arizona elegans, Rhinocheilus lecontei, Masticophis flagellum, Lampropeltis 
getula, Hypsiglena torquata, Crotalus molossus, Crotalus scutulatus, Crotalus atrox, 
Trimorphodon biscutatus; Chaper 1; Anderson & Greenbaum 2012; Castoe et al. 2007; Devitt 
2006; Mulcahy 2008; Pyron & Burbrink 2009; with the exception of Schield et al. 2015). Other 
groups have population structure that is further to the east of this well-defined barrier (Pituophis 
catenifer, Sonora semiannulata, Thamnophis marcianus, with additional structure in M. 
flagellum, R. lecontei), whereas other species show population structure that may be associated 
with Baja California (Salvadora deserticola, as well as additional structure in Trimorphodon 
biscutatus). Arizona elegans has additional structure in northern Mexico, and Crotalus molossus 
and C. scutulatus have additional population structure in central Mexico (Figure 2.2). 
 
Species Validation 
 BPP analyses support all speciation events with high posterior probability (PP > 0.96). 
Many of these analyses supported species status for these taxa with PP = 1.0. Model support was 
consistent across the three runs. This strongly suggests that the populations identified from 
sNMF represent distinct species. 
 
IBD 
 All species groups showed a significant signature of isolation by distance, with the 
exception of Trimorphodon biscutatus, when using Mantel tests (Table 2.2). However, the 
density plots between genetic distance and geographic distance of many of these taxon groups 
revealed distinct clusters of genetic diversity (including A. elegans, M. flagellum, H. torquata, T. 
marcianus, C. molossus, S. hexalepis, S. semiannulata, and T. biscutatus; Figure 2.4), suggesting 
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that the populations detected via structuring analyses are not an artifact of clinal genetic variation 
across the landscape. In nearly all species groups the RDA analysis demonstrates that genetic 
variation is best explained by incorporating both geographic distance and population structure 
detected with sNMF (Table 2.3). Only in S. semiannulata and C. scutulatus was genetic variation 
best explained by geographic distance alone; however, S. semiannulata clearly shows two 
distinct clusters in the density plot from adegenet (Figure 2.4).  
 
Selection 
 LFMM demonstrated that few GBS loci are strongly associated with the climatic 
variables defined by the BioClim dataset; the total number of SNPs potentially under selection 
ranges from 0.03 – 1.96 % depending on the taxon (Table 2.2.1; Appendix 2.4). Because so few 
loci demonstrated a signature of selection, all SNPs were included in the demographic analyses, 
as they would have little effect on model selection and parameter estimation using SFS based 
methods (although other forms of selection may have gone undetected; Schrider et al. 2016). 
 
Demographic Model Selection 
 The single taxon ABC model selection analysis supported a model in which most 
populations have experienced an instantaneous increase in population size (PP > 0.98). Two 
populations are strongly supported as having experienced a population size contraction, these are 
Crotalus molossus from southern Mexico (PP = 0.72) and the western Sonora semiannulata (PP 
= 1.0). No populations supported constant Ne throughout their history. Estimated parameters 
from these single population models with the lowest variance within species groups were then 
fixed in multi-population model selection (Appendix 2.5). 
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 In the multi-population model selection analysis a history of divergence with continuous 
gene flow is supported by nearly all species groups with high support as measured by AIC 
weights (Table 2.4); the exception to this is C. atrox, where a model of divergence with 
secondary contact post-LGM is well supported. The parameters estimated in these models 
include migration rates, divergence times, and Ne (Appendix 2.5). Divergence time confidence 
intervals across populations that diverge at the CFB ranged from the late Pleistocene to the mid-
Miocene (Figure 2.5), all of which pre-date the LGM. These divergence time CIs are large yet 
none overlapping among species groups (Figure 2.5), suggesting that multiple historical events 
have driven population divergence.  All populations show low, but non-zero, levels of gene flow 
between adjacent populations (Appendix 2.5). Although most populations show a signature of 
expansion, the timing of these expansions vary across populations with estimated CI times 
ranging from the most recent at 2049 – 87100 ybp in the eastern population of Sonora 
semiannulata, to the most ancient at 3906834 – 6316458 ybp in the western population of 
Crotalus molossus (Appendix 2.5). 
 
Discussion 
In contrast to the classic allopatric model of speciation, which is the paradigm mode in 
vertebrates (Mayr 1963), I demonstrate that speciation with gene flow has occurred across 13 
species groups (Table 2.4). Importantly I show that not only is speciation with gene flow a 
common process, but that regional biogeographic barriers have promoted similar modes of 
species divergence across a community of snakes. Support for a model parameterizing continual 
gene flow is found in the majority of taxa (12 out of the 13), suggesting that large-scale changes 
in climate and the associated altered habitats during the LGM does not explain the species level 
 40 
diversity observed across the arid southwest of NA. Because a signature of strict allopatry is not 
supported in a single taxon group (Table 2.4), this paradigm of speciation may not be common or 
expected across biogeographic barriers. 
In addition to my species-divergence models, which support primary contact in 12 out of 
the 13 species groups (Table 2.4), these results met additional conditions that favor parapatric 
divergence (Coyne & Orr 2004). First, many of these sister species pairs have abutting 
distributions across an ecotone, suggesting that speciation is the result of divergent adaptation, 
and not due to a single physical barrier to gene flow (Figure 2.1). Second, divergence times are 
not congruent across taxon pairs, suggesting that a single barrier did not isolate ancestral 
populations at the same time, but rather species responded independently to environmental 
change (Chapter 1; Figure 2.5). It is possible, however, that the model that is best supported is 
the result of repeated bouts of allopatry and contact with gene flow in response to multiple 
climate cycles. Testing for such a model and estimating the timing of each event would be 
difficult and would require additional data (e.g., long genomic sequence blocks and information 
on linkage disequilibrium; Sousa & Hey 2013). 
Parapatric speciation can be the result of divergent natural selection across an 
environmental gradient (Coyne & Orr 2004). To examine the effect of natural selection in this 
system, all loci were tested for an association with climate while accounting for population 
structure. Such an association would support a scenario in which speciation is a result of local 
adaptation to contrasting environments. Only a small proportion of loci have a significant 
association with the environment in any of these species groups (Table 2.2.1). Finding only a few 
loci associated with the environment change is not unexpected however, given that much of the 
genome is nonfunctional and many of the functional regions are not adaptations to climate 
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(Meirmans 2015). However, a signature of selection with respect to climatic variation could 
explain the observed patterns of genomic divergence across the arid southwest (Villemereuil et 
al. 2014). Although I do not know the functional role of these loci, if they were adapted to 
contrasting environments then hybrid individuals may have a reduced fitness compared to either 
parental species (Hewitt 1988). Parapatric speciation would be facilitated in this situation 
because regional adaptations would increase spatially localized ecological interactions and 
assortative mating (Coyne & Orr 2004; Doebeli & Dieckmann 2003), which would promote 
disruptive selection and result in ecological speciation (Nosil 2012). 
I also found that most of these species groups show a signature of isolation-by-distance 
(Table 2.2). IBD has been shown to produce patterns of parapatric speciation without disruptive 
selection (Baptestini et al. 2013). Parapatirc speciation by IBD occurs when mating is more 
likely between geographically proximate individuals that are genetically similar (de Aguiar et al. 
2009). Simulations have shown that paraptric speciation can occur even when ecological 
gradients, geographic barriers, or natural selection are absent (de Aguiar et al. 2009; Hoelzer et 
al. 2008). Isolation by distance can drive speciation, as shown in a ring species complex of 
warblers around the Himalayas of Asia (Irwin et al. 2005). Here there is an accumulation of 
genetic differences between reproductively isolated groups with gradual genetic variation 
throughout the rest of the species distribution (Irwin et al. 2005). Speciation via IBD is 
consistent with neutral theory when environmental selection or organismal interactions are not 
present (de Aguiar et al. 2009; Hoelzer et al. 2008). Because the presence of physical barriers to 
isolate populations is unnecessary under neutral speciation, Quaternary climatic fluctuations are 
also irrelevant for generating species (Hewitt 2004). Additionally, neutral speciation predicts a 
constant rate of diversification (de Aguiar et al. 2009), which is supported by asynchronicity of 
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divergence times found across the desert southwest (Figure 2.5; Chapter 1). If speciation is 
neutral, an expected outcome of diversification studies using comparative phylogenetic 
approaches is a constant rate of species diversification of snakes across arid NA (e.g., Pyron & 
Burbrink 2013). Future studies should focus on whether ecological or neutral processes are 
responsible for promoting speciation in this system. This biological community, in particular, 
represents a model in which to study the process of speciation because species-pairs have a range 
of divergence times and may have varying degrees of ecological divergence, therefore capturing 
the diversity of differentiation across the speciation continuum. Further studies of ecological 
divergence across these taxon pairs could illuminate the processes (e.g. ecological vs. neutral) 
responsible for driving speciation. 
 
Community Divergence 
Across this assemblage of snakes I find heterogeneous divergence times, taxon-specific 
contact zones between sister-species pairs, and yet similar geographic modes of speciation. 
Together these suggest that species are responding spatially to a shared landscape in 
heterogeneous ways and at different times given taxon-specific ecologies and biogeographic 
histories. Regardless, the outcome of these responses is parapatric speciation as taxa are 
potentially adapting to divergent environments and are isolated by geographic distance. 
Asynchronicity in divergence time demonstrates that there cannot be a single historical event that 
explains species-level diversity found in this region (Figure 2.5; Chapter 1). It was previously 
assumed that cyclical climatic changes of the Quaternary were responsible for lineage formation 
(Hewitt 2000). However, divergence times range from the late Pleistocene to the mid-Miocene, 
which suggests that Quaternary climatic changes were not solely responsible for species 
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formation at the CFB. Interestingly though, while speciation occurred over a range of times, only 
a single mode of speciation accounted for divergence throughout nearly all taxa (Table 2.4). 
Because the most common mode of speciation is parapatry, I can rule out divergence in absolute 
allopatric refugia. Diversification across the arid southwest of NA has been detected across 
numerous taxonomic groups (Riddle & Hafner 2006; Zink et al. 2001), however a single 
physical barrier responsible for diversification was not detected (e.g., Pyron & Burbrink 2010). 
Instead, contact zones between species are taxon specific (Figure 2.2), and the region in which 
the geographic distributions of these species meet is likely due to species-specific ecological 
tolerances and adaptations (Papadopoulou & Knowles 2016) or alternatively the contact zone has 
shifted through time after initial divergence (Barton & Hewitt 1985; Barton & Hewitt 1989). 
Thus the distribution of lineages across a landscape likely says very little about the mode of 
speciation. 
Parapatric speciation, with heterogeneous spatial distributions, and asynchronous 
divergence times may be specific to the colubroid snake fauna of arid southwest of NA, and 
therefore may not be expected within other taxonomic groups at this barrier or even at other 
major biogeographic barriers. However, a similar pattern has been demonstrated in Amazonian 
butterflies that share a general region of divergence yet with heterogeneous divergence times; a 
pattern the authors contribute to parapatric divergence (Dasmahapatra et al. 2010). Yet other 
taxonomic groups do not show this same pattern of assemblage diversification, there is no 
divergence in codistributed birds, yet ancient divergence within frogs (Haffer 1987; Roberts et 
al. 2006; Symula et al. 2001). Similarly comparative studies in northern Australia have 
illustrated diverse spatial and temporal scales of phylogeographic divergence across taxonomic 
groups, however this has been attributed to allopatric divergence with secondary contact (e.g., in 
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mammals, lizards, and birds; Edwards et al. 2016). These heterogeneous patterns are likely 
related to differences in species-specific traits, where taxa uniquely adapt or disperse across the 
landscape in response to climate change throughout the Quaternary. Other alternative scenarios 
are possible given large physical barriers such as seaways, mountains or rivers. At these barriers, 
speciation could be driven by strict allopatric speciation, because gene flow may not be possible 
between the separated taxa. It might also be expected that there are multiple divergence times 
across a biological community because divergence may only occur when a species colonizes the 
opposite side of a barrier. Colonization events would not be expected to be synchronous across 
communities, however spatial patterns of geographic distributions would be largely congruent as 
species distributions adjoin the physical barrier. Future studies should integrate the modeling of 
these three components (geography, time, and mode) in order to understand how the geological 
and climatic histories of a region have comprehensively driven species level diversification 
across diverse groups of organisms, ultimately fulfilling the central goal of phylogeography 
(Avise 2000). 
 
Conclusions 
 Divergence with gene flow is a common process and evidence for this has accumulated 
recently in studies of non-model organisms (Nosil 2008; Sousa & Hey 2013). In the present 
study I demonstrate that divergence with continual gene flow, a model suggestive of parapatric 
divergence, is found in the vast majority of sister species pairs distributed across the arid lands of 
North America. This implies that not only is reticulate evolution common across the tree-of-life, 
and that speciation with gene flow may be common at well-documented phylogoegraphic 
barriers. Additionally this suggests that the most common mode of diversification, allopatry, as a 
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result of range changes due to large-scale climatic oscillations during the Quarternary does not 
explain the pattern of speciation within this region. Future studies investigating the historical 
causes of community diversification should examine the geographic mode in which a barrier to 
gene flow has influenced assemblage-wide patterns, such that the frequency of a shared mode of 
divergence at major biogeographic barriers can be quantified. 
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Chapter 3: Testing for Ecological Speciation with Morphology, Climate, and Demographic 
History 
 
Introduction 
Natural selection can influence both the shape of phenotypic diversity and the rate at 
which it changes among populations and species (Coyne & Orr 2004; Darwin 1859). As 
populations adapt to different environments, divergent natural selection changes both phenotypes 
and behaviors (Nosil 2002). These differences may lead to assortative mating, where individuals 
from different populations avoid reproducing. Alternatively, if hybrids are produced they can be 
selected against by being poorly-adapted to the habitats of either parental population (Schluter & 
Nagel 1995). Under this scenario, reproductive isolation (RI) will evolve as a by-product of 
adaptive divergence as populations cease to exchange genes (Schluter 2000); the lack of gene 
flow will reinforce phenotypic and genetic differences leading to speciation. This forms the basis 
of the ecological speciation hypothesis. 
Alternatively, there are several non-ecological mechanisms by which speciation can 
occur. These mechanisms include random genetic drift, fixation of incompatible mutations in 
populations experiencing similar selective pressures, or sexual selection on traits that are 
ecologically irrelevant (Nosil 2012). In contrast, ecological speciation is fundamentally different 
in the key role that divergent natural selection plays on locally adapted traits. Therefore, 
ecological and non-ecological modes of speciation suggest different sets of testable predictions 
(Schluter 2001, 2009) yielding unique and straightforward expectations. Ecological speciation, 
with its emphasis on divergent natural selection in contrasting environments, predicts that RI 
positively correlates with adaptive ecological divergence (Nosil 2012). Alternatively, if neutral 
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processes such as drift or genetic incompatibilities are driving speciation, RI will have no 
association with ecological divergence (Figure 3.1; Coyne & Orr 2004; Schluter 2009). The 
important distinction between ecological and non-ecological modes of speciation is that 
divergent natural selection is necessary for ecological speciation to occur.  
Although divergence within and between species is often studied at the phylogeographic 
level, relatively little attention has been given to the ecological speciation hypothesis as it relates 
to the formation of phylogeographic lineages or cryptic species (but see Barton & Hewitt 1985; 
Barton & Hewitt 1989; Rocha et al. 2005). The timing of phylogeographic lineage divergence 
may correlate with increasing levels of RI representing stages along a speciation continuum (as 
illustrated in Figure 3.1B) (Singhal & Moritz 2013). Research on scincid lizards in Australia 
demonstrates population genetic measures such as linkage disequilibrium can adequately 
represent the strength of RI among phylogeographic lineages, and may be positively correlated 
with divergence depth (Singhal & Moritz 2013). Although it is expected that RI is correlated 
with timing of divergence between sister taxon pairs, it is not clear if divergent selection on 
ecology is driving these divergences or if this is the result of non-ecological mechanisms. 
Therefore, understanding the causes of speciation can be addressed in a comparative 
phylogeographic context using a well-defined system, where both patterns of RI and divergence 
in ecology could be collected from codistributed taxa (Hickerson et al. 2010).  
The arid southwest of North America is a regional biodiversity hotspot and has 
influenced speciation in plants, insects, and nearly all major lineages of vertebrates (Andersen & 
Light 2012; Anderson & Greenbaum 2012; Castoe et al. 2007; Devitt 2006; Hekkala et al. 2011; 
Hunter et al. 2001; Jaeger et al. 2005; Leaché & Reeder 2002; Mulcahy 2008; Orange et al. 
1999; Pyron & Burbrink 2009; Rebernig et al. 2010; Serb et al. 2001; Smith & Farrell 2005; 
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Zink et al. 2001; Chapter 1; Chapter 2). Comparative population genomic research in this region 
has shown all codistributed colubroid snakes have speciated across the arid southwest, with 12 of 
the 13 groups exhibiting strong support for parapatric speciation, yet the mechanisms driving this 
diversification are unknown (Chapter 2). Previous work suggests that selection is maintaining 
distinct lineages within snake species found in the Sonoran and Chihuahuan Deserts (Chapter 1). 
However, the main population structure seen in a majority of these species groups was produced 
by isolation by distance (IBD) across their distributions (Chapter 2). This is important because 
simulations have shown that IBD, a neutral process, alone may drive parapatric speciation, with 
no need for divergent natural selection (Hoelzer et al. 2008). In addition, the divergence times 
between sister-species pairs have occurred asynchronously thorough time suggesting that there is 
not one single historical event responsible for species diversification (Chapter 1). These recently 
diverged taxon pairs may represent different stages of the speciation continuum (e.g., Nosil 
2012), representing a model community for testing hypotheses of ecological speciation. 
To test these mechanisms of speciation, it is necessary to quantify both the strength of RI 
and the degree of niche differentiation between sister species pairs. The use of ecological niche 
models (ENMs) provides a practical tool for examining factors that influence speciation and 
create regional patterns of biodiversity (Carstens & Richards 2007). For example, projected 
ENMs can be used to assess niche overlap between sister taxon pairs or to assess phylogenetic 
conservatism (Warren et al. 2014). Divergent selection may be driving population divergence by 
selecting for differential environmental tolerances between sister taxon pairs (Zink 2014). If this 
is the case, RI should increase as differences in environmental niche become more pronounced. 
In addition to modeling the environment niche, ecologically important morphological 
characters can be used as a proxy for quantifying ecological divergence. For example, vertebral 
 49 
number and head shape are important, quantifiable morphological traits within snakes, and 
directly related to ecology (Shine 2000; Vincent et al. 2004). The number of vertebrae are known 
to have a strong genetic basis (Arnold 1988; Dohm & Garland Jr 1993) and are hypothesized to 
be under natural selection in different environments; the number of vertebrae affect locomotor 
speed, growth rates, and body size (Arnold 1988; Jayne & Bennett 1990; Lindell et al. 1993); 
Lee et al 2016). In addition, head shape variation within snakes is closely tied to feeding ecology 
and behavior (e.g. burrowing) and has been used as a measure of ecological divergence within 
snakes (Meik et al. 2012; Shine 1991; Vincent et al. 2004). These differences in head shape can 
be quantified using geometric morphometrics, a collection of shape analysis methods that 
quantify morphology by assessing the relative spatial distribution of a set of pre-determined 
landmarks, such as points where the sutures of a skull contact one another (Adams et al. 2004). If 
sister species pairs in the different deserts are under divergent selection in feeding ecology, 
burrowing behavior, locomotor speed, growth rate or adult body size and these traits contribute 
to ecologically driven differentiation, then the degree of morphological differentiation is likely to 
be positively correlated with RI. 
Herein, I test the alternative hypotheses of ecological versus neutral speciation in 
divergent sister-species pairs. I use population genomic data to estimate divergence times and 
rates of migration in a coalescent context, and then approximate RI by calculating FST and 
linkage disequilibrium. I assess the degree of niche overlap between sister-species pairs using 
ENMs and quantified the degree of divergence in vertebral number and head shape. Multiple 
linear regression models and Bayesian model averaging were then used to determine how RI 
scales with divergence time, ecological divergence, and morphological divergence across sister 
species pairs. I expect to see linear relationships between FST and migration rates with 
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divergence times if RI scales with species age (Singhal & Moritz 2013) and linear relationships 
between ecological divergence and RI if divergent ecological selection is responsible for driving 
diversification across this assemblage (e.g., Figure 3.1). 
 
Methods 
Justification of Selected Taxon Groups 
The 13 species complexes selected to address alternative hypotheses of the mechanisms 
of speciation across the arid southwest are as follows: Arizona elegans, Crotalus atrox, Crotalus 
molossus, Crotalus scutulatus, Hypsiglena torquata, Lampropeltis getula, Masticophis flagellum, 
Pituophis catenifer, Rhinocheilus lecontei, Salvadora hexalepis, Sonora semiannulata, 
Thamnophis marcianus, and Trimorphodon biscutatus). Within each of these taxa, distinct 
species pairs are found across the desert southwest of North America (Figure 2.1; Chapter 1; 
Chapter 2). These snakes are regionally diverse with respect to ecology and morphology, 
representing natural replicates of the process of speciation, and thus presenting an ideal system to 
test mechanisms of species divergence (Rosenblum & Harmon 2011). Specifically, 
morphological differences (e.g. scale counts, body proportions, and color pattern) have been 
found between many of these sister taxon pairs (Anderson & Greenbaum 2012; Blanchard 1924; 
Devitt et al. 2008; Klauber 1946; LaDuc & Johnson 2003; Spencer 2008). In addition, venom 
protein composition have diverged between Sonoran and Chihuahuan populations of two of the 
rattlesnake species (C. atrox and C. scutulatus; (Glenn & Straight 1989; Glenn et al. 1983; 
Minton & Weinstein 1986), and these venom differences have likely evolved in response to local 
prey (Wilkinson et al. 1991). Furthermore, a previous study on kingsnakes, has shown that sister 
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species across the southwest do not have identical environmental tolerances illustrated via ENMs 
(Pyron & Burbrink 2009).  
 
Morphological Divergence 
Both vertebral counts and geometric morphometric (GM) measurements based on 
landmark configurations were taken from a total of 538 individuals accessioned at the American 
Museum of Natural History (average 41.4 per species-pair; Table 3.1; Appendix 3.1). Only adult 
specimens were measured; maturity was based on known mature SVL for each species (Ernst 
and Ernst, 2003). Individuals were assigned to species based on collecting locality. The number 
of scales ventral sclaes corresponds directly (1:1) to the number of vertebrae within colubroid 
snakes (Ruthven & Thompson 1913; Shine 2000; Lee et al 2016). Ventral scales were counted 
following the method of (Dowling 1951). For the ventral data a difference between sexes and 
between species was tested using a two-tailed t-test in R v3.2.3 (R Developing Team 2016). The 
t-statistic for comparisons between species-pairs was used as a distance metric in regression 
analyses. 
For the GM data collection, dorsal images of the heads were captured using a Nikon 
COOLPIX P500 camera. For all species in the family Colubridae, a total of 11 landmarks were 
identified on the left side of the head (Manier 2004), for Crotalus atrox and C. scutualtus a total 
of 7 landmarks were identified, and for C. molossus 9 landmarks were identified that capture the 
shape and size of the snake head (see Figure 3.2; Meik et al. 2012). The R package geomorph 
(Adams & Otárola‐Castillo 2013) was used to digitize landmarks on each image. Analyses of 
GM data require a full complement of landmark coordinates, thus missing landmarks were 
estimated in cases where they could not be identified during the digitization of specimens using 
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the thin-plate spline approach implemented in the estimate.missing function of geomorph. This 
method creates a single reference from the set of specimens with complete landmark data so that 
incomplete specimens are aligned using the common, present landmarks. Thin-plate spline is 
then used to estimate the missing landmarks (Gunz et al. 2009). A generalized Procrustes 
analysis (GPA; Rohlf & Slice 1990) was performed in geomorph for each species group. This 
scales, translates, and orients configurations via a generalized least-squares superimposition 
procedure until the coordinates align as closely as possible (Adams & Collyer 2007; Rohlf & 
Slice 1990).  
 From the Procrustes-aligned coordinates, I conducted a Procrustes analysis of variance 
(ANOVA) to assess shape differences between predefined species-pairs. This method quantifies 
shape variation attributable to species assignment using a linear model and assesses variation via 
permutation tests. I used 9999 permutations to test for statistical significance of the ANOVA. 
This was followed by both linear discriminant function (DF) and canonical variate analysis 
(CVA) to test whether the continuous variables in the GM dataset could predict a priori defined 
species assignments. First, I used re-substitution error to estimate how well individuals are 
classified when all individuals are used to develop a DF. Second, a leave-one-out cross-
validation test was conducted, where a single individual is left out of the dataset and a DF is 
formulated using the remaining data, which is then used to classify the excluded individual. I 
conducted these analyses using the R package MASS (Venables & Ripley 2002). The CVA was 
conducted with a cross-validation step, and Mahalanobis distances were measured between 
population means in the R package Morpho (Schlager 2013). These Mahalanobis distances were 
then used in regression analyses and Bayesian model averaging. 
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Environmental Niche Overlap and Equivalency 
The multivariate environmental niche overlap between sister-species pairs was quantified 
using the PCA-env approach (Broennimann et al. 2012). Analyses and comparisons were 
performed using current climate variables interpolated at 2.5 arc-min resolution, obtained from 
the WorldClim database (Hijmans et al. 2005). Isothermality and temperature annual range were 
correlated with other variables and excluded from all analyses. Occurrence points used in this 
analysis were derived from samples sequenced in Chapter 2 and from museum specimens 
measured for morphological characters (see Appendix 3.1). PCA-env applies kernel smoother 
and spatial environmental factors in a gridded space, then uses an ordination test based on a PCA 
calibrated on the occupied region of the two groups being compared (Broennimann et al. 2012). 
This method uses occurrence data points and spatial environmental data, from which niche 
overlap within the first two PC axes is quantified using Schoener’s D statistic (Schoener 1968). 
The D statistic scales similarity from 0 (no observed overlap in niche models) to 1 (complete 
overlap in niche models).  
Using the D statistic, I assessed both niche similarity and niche equivalency between 
sister species pairs. The equivalency test determined whether the environmental niche between 
two taxa was effectively identical (Graham et al. 2004; Warren et al. 2008). The similarity test 
addresses whether an ENM from one taxon predicts that of another taxon better than expected 
under a random null hypothesis that the model provides no information about the distribution of 
that other taxon (Warren et al. 2008). Null models were used to determine significance of both 
niche equivalency and similarity (Broennimann et al. 2012) by comparing the observed D to 
simulated values from background points within western North America.  
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Population Genomic Measures of RI 
 To assess patterns of RI across sister species pairs I obtained divergence times from GBS 
data on the 13 species groups (see Chapter 2). I used three population genetic parameters as 
metrics of reproductive isolation (e.g., Singhal & Moritz 2013). First, FST was calculated for each 
species group using these single nucleotide polymorphisms (SNP) in the pegas package in R 
(Paradis et al. 2004). This statistic is commonly used as a metric of genetic differentiation among 
populations (e.g., Whitlock & McCauley 1999). It is expected that as gene flow between 
populations decreases genetic differentiation will increase, therefore larger values of FST are an 
expected outcome of RI. This value ranges from 0 – 1 (no differentiation to maximum 
differentiation). In addition, linkage disequilibrium was estimated using an index of association 
while accounting for the number of sampled loci (rd; Agapow & Burt 2001). Linkage 
disequilibrium has been recognized as playing an important role in speciation (Coyne & Orr 
2004; Dobzhansky 1937), for example between alleles for male traits and female preferences 
(e.g., Boughman 2001) and Bateson-Dobzhansky-Muller incompatibilities (Orr & Turelli 2001). 
Importantly this metric is independent of FST in measuring the strength of RI (Singhal & Moritz 
2013). This parameter was estimated using the library poppr in R with 999 permutations of the 
data in order to obtain a p-value (Kamvar et al. 2014). In addition to these two summary 
statistics, I used the average migration rate as a direct measure of RI between the two 
populations as estimated from fsc25 (Chapter 2). 
 
Correlation between Ecological, Morphological, and Genetic Variables 
I first tested for a correlation between all measured variables (head shape, ventral counts, 
niche overlap, divergence times, migration rate, FST, and LD) using the corr.test function of the R 
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package psych (Revelle 2014). I then conducted multiple regression analyses to identify 
associations between variables, where correlation variables were removed. These analyses 
included (1) asking if head shape differences could be predicted by divergence times, migration 
rates, FST, Schoener’s D statistic, and the t-statistic from species comparisons of ventral number, 
(2) if ventral differentiation could be predicted by divergence times, migration rates, FST, 
Schoener’s D statistic, and head shape differentiation, (3) if Schoener’s D statistic could be 
predicted by divergence times, migration rates, FST, ventral differentiation, and head shape 
differentiation, (4) if FST could be predicted by divergence times, migration rate, Schoener’s D 
statistic, ventral differentiation, and head shape differentiation, and lastly (5) if the average 
migration rate could be predicted by divergence times, head shape differentiation, ventral 
differentiation, Schoener’s D, or FST.  
To understand how metrics of RI, ecological divergence, and divergence times are 
associated I also used Bayesian model averaging (BMA) to assess the relative importance of 
each predictor variable over the entire model space (Raftery et al. 1997). BMA estimates models 
for all possible combinations of explanatory variables and constructs a weighted average over all 
of them (Zeugner 2011). The best-fit model with a combination of parameters was chosen as the 
one with the highest posterior probability distribution using the BMS package in R (Zeugner & 
Feldkircher 2015). Specifically I assessed the association between the response variables 
migration rate, head shape differentiation, ventral differentiation, Schoener’s D, and FST and their 
potential predictors (e.g., divergence time, migration rate, head shape differentiation, ventral 
differentiation, Schoener’s D, and FST). These tests were preformed on all metrics and all 
subsets, for a total of 32 different models. 
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Results 
Morphological Divergence 
 Eleven species-pairs had data to compare the difference in the number of ventral scales 
between the sexes (in Hypsiglena torquata sex was not recorded in the western species and 
Sonora semiannulata only one sex was measured); all of these were non-significant, suggesting 
that males and females do not differ in the number of vertebrae (Table 3.1). I therefore combined 
the sexes, compared species-pairs, and found significant differences in ventral scale number 
among eight of the taxon groups examined (Table 3.1; Figure 3.3). Additionally, four of the 
species groups examined here show significant differences in head shape between species pairs 
(Table 3.1; Figure 3.4). Yet, even within these groups that differ significantly there is broad 
overlap in morphospace between species pairs (Figure 3.4). Species pairs could be diagnosed 
successfully using CVA, in some cases up to 100% of the time (CVA ≥ 0.71, average CVA = 
0.92; Table 3.1). However cross validation of linear DF was less successful at differentiating 
between the sister species pairs (Table 3.1). 
 
Environmental Niche Overlap and Equivalency 
 Niche equivalency can be rejected in twelve out of the thirteen species pairs (exception is 
C. molossus, p = 0.059; Table 3.2; Figure 3.5). This suggests that the sister species pairs across 
the arid southwest of North America do not have comparable environmental niches. However, 
similarity tests were significant between only six of the thirteen taxon pairs (Table 3.2; Figure 
3.5). This indicates that in less than half of the groups studied, sister species pairs can predict 
each other’s ENM better than random points across the potential distribution of the species. 
Therefore, the ecological niches of these six species pairs are more similar than by chance, 
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however in the other seven groups one taxon’s ENM had no better ability to predict the niche 
model of its sister species than expected based on overall environmental similarity between the 
regions. The point estimate used to assess patterns of RI and evolution of ecological 
differentiation, Schoener’s D statistic, indicates that there is a large range of differences in the 
current environmental niche of sister-species groups (Table 3.2; Figure 3.5). 
 
Population Genomic Measures of RI 
 There was a wide range of average migration rates between sister species pairs 
suggesting that the strength of RI differs among the species pairs studied here (Table 3.3). I also 
estimated indirect measures of RI, FST and linkage disequilibrium. Values of FST indicate little to 
moderate differentiation (Table 3.3). Linkage disequilibrium, as measured byrd was low across 
these groups (Table 3.3).  
 
Correlation between Ecological, Morphological, and Genetic Variables 
The two population genetic summary statistics of differentiation (FST,rd) were 
significantly correlated with one another (p ≤ 0.01), therefore all multiple regressions to infer 
patterns for the evolution of RI and ecological divergence were conducted only with FST. The 
average rate of migration between sister species pairs can be predicted by and is negatively 
correlated with both divergence time (p = 0.006) and differences in head shape (p = 0.05). Head 
shape differences can also be predicted by the average migration rate (p = 0.05), and is correlated 
such that as migration rates decrease head morphology becomes more different. Additionally, 
niche overlap was positively, but not significantly (p = 0.07) correlated with divergence time 
estimates. FST was not predicted by any of the variables measured. These multiple regression 
analyses show that migration rates are associated with both divergence time and ecological 
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differences between species (Appendix 3.2). Also the ecological traits do not co-vary with one 
another or divergence times (Appendix 3.2). 
 Predictors for changes in metrics of RI and ecological divergence were also chosen using 
the model with the highest posterior probability (PP) using BMA (Figure 3.6). The top model 
from BMA for explaining variation in head shape between species included both average 
migration rate and divergence times (PP = 0.27), both of these traits were negatively associated 
with GM differences. None of the variables measured best-explained ventral scale count 
differences. Environmental niche differences were positively associated with divergence time 
(PP = 0.17), indicating that as divergence time increases so does niche differentiation. The best 
model to explain FST included average migration rates (PP = 0.22) in which there was a negative 
association. Lastly, the top model to explain rates of migration included both divergence times 
and head shape differences (PP = 0.23), which were both negatively associated with migration 
rates. The importance of each variable in explaining the response variable, their posterior 
inclusion probabilities, were highest for those variables that were included in the best fit models 
for each response variable (Table 3.4).  
 
Discussion 
 Using a regression-based comparative approach and Bayesian model averaging, I find 
evidence of ecological speciation within an assemblage of snakes. Differences in head 
morphology between sister species pairs is predictive of RI (Figure 3.6; Table 3.4). Rates of 
migration and head shape differences co-vary such that rates of migration decrease (i.e., the 
strength of RI increases) as head morphology becomes more different. This suggests that there 
may be a common mechanism driving diversification within this group of snakes.  It is unlikely 
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that divergence in head morphology has resulted in speciation, but it is expected that RI will 
evolve because adaptive differences lead to assortative mating ultimately reinforcing genetic 
differentiation. For example, differences in head shape may reflect different diets between these 
sister species and taxa that are consuming different prey types would be under selection for 
different head morphologies (e.g., Fabre et al. 2016). Ultimately differences in diet could affect 
habitat selection and activity patterns, which would reinforce assortative mating and drive 
speciation. Furthermore, these findings suggest that ecological speciation could explain the 
pattern of parapatric speciation found within these codistributed snake taxa (Chapter 2) because 
divergence is the result of contrasting natural selection across the arid southwest. 
Similar comparative approaches have been used at deeper phylogenetic time scales to 
support the hypothesis that ecological divergence increases with reproductive isolation (Funk et 
al. 2006; Wiens et al. 2006). At these depths, reproductive isolation appears to be positively 
correlated with divergence time. However, morphological differences were not distinguishable in 
studies of recently diverged taxa (Singhal & Moritz 2013). Other studies have demonstrated that 
bird plumage colors are correlated with genetic distance between sister species, though the 
strength of RI was not quantified (Winger & Bates 2015). I coupled these approaches using 
comparative phylogeographic data, metrics of RI, and measures of environment niche 
dissimilarity and morphology, and find evidence that divergent natural selection is driving 
speciation along similar axes of ecological divergence within an assemblage of species. 
Therefore it is possible to use such approaches to address whether divergent ecological selection 
is driving speciation (e.g., Funk et al. 2006), thereby addressing how a particular region or 
biogeographic barrier is promoting speciation at recent time scales. 
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Here I find that the strength of RI increases over time but no species pair is completely 
isolated from its sister taxon. This lack of RI among species is likely a consequence of rapid, 
recent speciation diversification (Wiens et al. 2006). The species studied here all belong to the 
superfamily Colubroidea, a rapidly diversifying clade (Pyron & Burbrink 2012). Therefore, a 
lack of complete isolation among these species may be a outcome of rapid species diversification 
where mechanisms of intrinsic reproductively isolating mechanisms are decoupled from the rate 
of species origination (Wiens et al. 2006). My results further suggest that there is likely a lag 
between the build up of intrinsic RI and the rate of species diversification. 
 
Morphological Divergence 
I find significant morphological differences between many of these sister species and 
importantly head shape differences are associated with the strength of RI (Table 3.1: Appendix 
3.2). Morphological differentiation that is associated with shifts in diet have been shown to 
increase species diversification (Dumont et al. 2011). Because changes in skull morphology 
would allow for the expansion of dietary niches (Schluter & Grant 1984), I suggest that head 
morphology is an important axis of species diversification within snakes. 
My GM analyses demonstrate that there are significant differences in head shape between 
sister species of M. flagellum, P. catenifer, R. lecontei, and S. hexalepis. Head shape divergence 
could reflect divergent selection on diet, prey-capture behaviors, habitat use, and even diel 
patterns in snakes (Fabre et al. 2016; Hampton 2011a; Herrel et al. 2008; Hibbitts & Fitzgerald 
2005). Diet analyses for two of the species that have significantly different head shapes have 
shown differences in prey type across their geographic distributions which may explain the 
differences in head morphology (e.g., Pituophis catenfier and Rhinocheilus lecontei; Rodríguez-
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Robles & Greene 1999; Rodríguez‐Robles 2002). In addition, the differences in skull 
morphology are likely related to burrowing behavior between these distinct environments in 
some taxa (Knight 1996). Studies of regional dietary and behavioral differences may be useful to 
determining the mechanisms by which some sister species pairs have differences in head shape 
while others do not. Furthermore, because GM methods were able to distinguish between sister 
species pairs and head shape is an important trait in species divergence I suggest that this 
approach may be useful for species delimitation in an integrated approach (e.g. Huang & 
Knowles 2015). 
Many of the species groups studied also differ in the number of ventral scales. This 
corresponds to the number of trunk vertebrae which is likely adaptive given microhabitat 
preferences (Ruthven & Thompson 1913; Shine 2000). For example, number of vertebrae could 
be a consequence of temperature and environmental variation as well as differences in 
microhabitat use between species (Hampton 2011b; Lindell 1994). The differences between 
sister-species pairs that I observe therefore may be adaptive responses to contrasting habitats 
across the arid southwest of North America. Future studies investigating microhabitat use, 
physiology, diet, predator avoidance behavior, diel activity patterns, and seasonal activity 
patterns, integrated with genomic studies of Hox genes (Head & Polly 2015), between these 
sister species pairs could determine the mechanism responsible for evolution of different 
vertebral number.  
Additionally vertebral number is correlated with adult body size (Lee et al. 2016a), a trait 
that defines many ecological and physiological aspects of species (Blackburn & Gaston 1994). A 
lack of association between vertebral number and the evolution of RI is not surprising 
considering rates of speciation and body size are unlikely to be mechanistically linked (Burbrink 
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et al. 2012; Harmon et al. 2010; Lee et al. 2016b). For example, in many groups of snakes early 
bursts of species diversification are not related to the rates of body size diversification (Burbrink 
et al. 2012; Lee et al. 2016b). Burbrink et al. (2012) suggest that size may not be tightly linked to 
speciation, but are contingent on the particular niches and specific ecologies of taxonomic 
groups. 
 
Environmental Niche Overlap and Equivalency 
My analyses suggest that divergence in environmental niche occurs early in the history of 
species divergence. Interestingly, as divergence time increases between sister species pairs, their 
occupied environmental niches become more similar (D statistic approaches 1; Table 3.2) 
suggesting that older species pairs could co-occur. Previous research has demonstrated that 
overlap in environmental niche is tied to overlap in geographic distribution and not divergence 
times between species (Warren et al 2008). Here I show a contrasting pattern in which niche 
similarity is weakly associated with divergence time and not correlated with geographic overlap 
between parapatric species pairs. My results suggest that older, more diverged sister species have 
a higher likelihood of co-occurring as environmental niches become more similar. However, the 
time necessary for sister species to be codistirbuted in secondary sympatry is positively 
associated with both phylogenetic and morphological differences between species pairs (Pigot & 
Tobias 2013). This suggests that biotic interactions, particularly ecological competition, limit the 
distributions of species (Pigot & Tobias 2013). This might indicate that within this system, 
although environmental niches become more similar over time, morphology is not sufficiently 
distinct to reduce competition in sympatry between sister species pairs. 
 63 
Additionally, twelve of the thirteen species pairs do not have equivalent environmental 
niches (Table 3.2), indicating that niche evolution occurs in association with the majority of 
speciation events (Warren et al. 2008). Across this landscape, speciation occurs as populations 
are adapting to divergent environments. Therefore, rarely do sister species pairs have identical 
environmental niches. However, niche similarity is supported in approximately half of the 
species pairs across the Desert Southwest. Although these taxa do not have identical niches, they 
are more similar than would be expected from random given the environmental background in 
which these species are distributed (Table 3.2). Because niches are rarely identical, niche 
divergence may be important for promoting speciation, however because sister species niches are 
often more similar than random, the overall environmental space in which sister species can 
occupy may be constrained by niche conservatism within lineages. 
 
Conclusions 
 Ecologically mediated speciation is a widespread cause of species diversification across 
the arid southwest of North America. Here I provide evidence that head shape, a surrogate of 
feeding ecology, co-varies with the rate of migration between sister species. The association of 
these two metrics is such that as ecological differences increase, the strength of reproductive 
isolation increases. This is the expected outcome of ecological speciation (Figure 3.1). Previous 
work (e.g., Chapter 2) has suggested that parapatric speciation is a common geographic mode of 
species diversification within this assemblage, however, no mechanism was suggested for how 
speciation occurred. Here I provide that link and demonstrate that it is not only possible for 
vertebrates to speciate in parapatry because of divergent natural selection across an ancestral 
species’ distribution but that this process may be common. 
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Table 1.1: Species studied, with locus information, number of sampled individuals, and results from population divergence age 
estimates. In the table WCD = Western Continental Divide, GT = gene tree monophyly. 
 
Taxon Locus 
(bp) 
Model 
of 
Sequen
ce 
Evoluti
on 
Numbe
r of 
Sample
s 
BPP Priors πnet/Mutaito
n Rate 
Estimate 
based on 
WCD 
πnet/Mutaito
n Rate 
Estimate 
based on 
GT 
Mode 
Divergence Time 
Estimates From 
BPP based on 
WCD (95% 
HPD) 
Mode 
Divergence 
Time 
Estimates 
From BPP 
based on GT 
(95% HPD) 
Mode Gene 
Divergence Time 
Estimates From 
Beast (95% 
HPD) 
Arizona elegans cytb 
(1103) 
HKY + 
G 
51 Θ~G (2, 
50) 
τ~G (2, 
1500) 
4.14 myr 7.22 myr 1.01 myr (318 
kyr – 1.86 myr) 
2.83 myr 
(1.01 – 5.17 
myr) 
3.96 myr (2.58 
myr –5.99 myr) 
Crotalus atrox cytb 
(963) 
GTR + 
G 
62 Θ~G (2, 
110) 
τ~G (2, 
1515) 
418 kyr 1.43 myr 828 kyr (368 kyr 
– 1.42 myr) 
2.65 myr 
(1.11 myr – 
4.90 myr) 
2.87 myr (1.07 
myr – 6.49 myr) 
Crotalus 
molossus 
cytb 
(1114) 
HKY + 
G 
50 Θ~G (2, 
65) 
τ~G (2, 
317) 
4.22 myr 4.60 myr 1.21 myr (420 
kyr – 2.01 myr) 
5.33 myr 
(1.35 myr – 
14.0 myr) 
3.04 myr (1.58 
myr – 4.30 myr) 
Crotalus 
scutulatus 
cytb 
(1103) 
HKY + 
I 
73 Θ~G (2, 
170) 
τ~G (2, 
1500) 
1.50 myr 1.50 myr 2.09 myr (758 
kyr – 4.06 myr) 
2.07 myr (743 
kyr – 4.04 
myr) 
1.47 myr (752 
kyr – 2.39 myr) 
Hypsiglena 
torquata 
ND4 
(797) 
GTR + 
I + G 
132 Θ~G (2, 
41) 
τ~G (2, 
189) 
2.83 myr 4.47 myr 3.58 myr (3.05 
myr – 4.15 myr) 
18.21 myr 
(14.76 myr – 
22.31 myr) 
6.99 myr (4.04 
myr – 11.6 myr) 
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Lampropeltis 
getula 
cytb 
(1117) 
GTR + 
I + G 
92 Θ~G (2, 
100) 
τ~G (2, 
952) 
579 kyr 1.47 myr 768 kyr (323 kyr 
– 1.27 myr) 
3.98 myr 
(1.64 myr – 
7.18 myr) 
2.19 myr (1.11 
myr – 3.93 myr) 
Masticophis 
flagellum 
cytb 
(1117) 
HKY + 
I + G 
42 Θ~G (2, 
48) 
τ~G (2, 
800) 
3.83 myr 5.13 myr 1.95 myr (891 
kyr – 3.19 myr) 
3.94 myr 
(1.64 myr – 
7.52 myr) 
6.23 myr (4.26 
myr – 8.86 myr) 
Pituophis 
catenifer 
cytb 
(898) 
GTR + 
I 
97 Θ~G (2, 
86) 
τ~G (2, 
528) 
1.08 myr 3.74 myr 821 kyr (367 kyr 
– 1.43 myr) 
6.07 myr 
(1.56 myr – 
11.45 myr) 
2.97 myr (2.19 
myr – 3.80 myr) 
Rhinocheilus 
lecontei 
cytb 
(966) 
GTR + 
I + G 
62 Θ~G (2, 
92) 
τ~G (2, 
1000) 
1.65 myr 2.08 myr 1.31 myr (562 
kyr – 2.25 myr) 
3.26 myr 
(1.21 myr – 
6.72 myr) 
1.62 myr (1.15 
myr – 2.28 myr) 
Salvadora 
hexalepis 
cytb 
(930) 
HKY + 
I 
27 Θ~G (2, 
83) 
τ~G (2, 
5000) 
115 kyr 4.58 myr 201 kyr (45.5 kyr 
– 437 kyr) 
490 kyr (171 
kyr – 982 kyr) 
2.10 myr (502 
kyr – 7.08 myr) 
Thamnophis 
marcianus 
cytb 
(978) 
HKY + 
G 
21 Θ~G (2, 
270) 
τ~G (2, 
2000) 
206 kyr 475 kyr 698 kyr (206 kyr 
– 1.38 myr) 
1.34 myr (423 
kyr – 2.64 
myr) 
432 kyr (175 kyr 
– 875 kyr) 
Trimorphodon 
biscutatus 
ND4 
(813) 
HKY + 
I 
38 Θ~G (2, 
313) 
τ~G (2, 
2500) 
17.0 kyr Not 
Monophyle
tic 
456 kyr (119 kyr 
– 940 kyr) 
Not 
Monophyletic 
Not 
Monophyletic 
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Table 2.1: Total number of sampled individuals, the number of total SNPs after 
bioinfomatics, and the number of unlinked SNPs. Also shown are the results from 
LFMM, testing for an association between SNPs and climatic variables. 
Taxon Number of 
individuals 
Number of 
SNPs 
Number of 
unlinked 
SNPs 
Loci under 
selection 
% 
Selection 
Arizona elegans 43 18993 7438 318 1.67 
Crotalus atrox 44 11710 7929 46 0.39 
Crotalus molossus 20 15245 7784 169 1.11 
Crotalus scutulatus 36 11681 5496 229 1.96 
Hypsiglena torquata 27 27202 6857 36 0.13 
Lampropeltis getula 35 12219 8236 64 0.52 
Masticophis flagellum 30 14443 5901 100 0.69 
Pituophis catenifer 41 13264 6351 22 0.17 
Rhinocheilus lecontei 40 19809 11136 363 0.18 
Salvadora hexalepis 15 32154 18291 111 0.35 
Sonora semiannulata 13 37607 21259 361 1.7 
Thamnophis marcianus 24 22092 9948 7 0.03 
Trimorphodon biscutatus 15 46444 21073 461 1.1 
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Table 2.2: Taxonomic group with the number of inferred populations from sNMF and 
DAPC, as well as the significance levels from Mantel tests of isolation by distance. 
Taxon # of 
populations 
used in 
analysis 
K from 
sNMF 
K from DAPC p-value for 
IBD- Mantel 
Test 
Arizona elegans 3 3 6 0.001 
Crotaus atrox 2 2 2 0.001 
Crotalus molossus 3 3 3 0.001 
Crotalus scutulatus 3 3 3 0.001 
Hypsiglena torquata 2 2 2 0.001 
Lampropeltis getula 2 2 2  0.001 
Masticophis 
flagellum 
3 3 3 0.001 
Pituophis catenifer 2 2 2 0.001 
Rhinocheilus lecontei 3 3 5 0.001 
Salvadora hexalepis 2 2 6  0.022 
Sonora semiannulata 2 2  3 0.003 
Thamnophis 
marcianus 
2 2 2  0.004 
Trimophodon 
biscutatus 
3 3 3 0.553 
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Table 2.3: RDA results with significance values for each variable and combinations of 
variables on structuring genomic diversity. An ANOVA test was calculated on the 
variation explained by each to assess significance. 
RDA Analysis Results: 
Taxon Model 
Variance 
(Adj. R2) 
Variance 
(R2) p-value 
Arizona elegans         
  Lat+Long+sNMF 0.51 0.545 0.001 
  Lat+Long 0.154 0.173 0.001 
  sNMF 0.123 0.13 0.001 
          
Crotalus atrox         
  Lat+Long+sNMF 0.226 0.28 0.001 
  Lat+Long 0.074 0.108 0.001 
  sNMF 0.022 0.039 0.001 
          
Crotalus scutulatus         
  Lat+Long+sNMF 0.044 0.126 0.059 
  Lat+Long 0.047 0.1 0.03 
  sNMF -0.002 0.026 NS 
          
Crotalus molossus         
  Lat+Long+sNMF 0.514 0.591 0.001 
  Lat+Long 0.362 0.394 0.001 
  sNMF 0.034 0.056 0.025 
          
Hypsiglena 
torquata         
  Lat+Long+sNMF 0.424 0.49 0.001 
  Lat+Long 0.069 0.111 0.002 
  sNMF 0.122 0.135 0.001 
          
Lampropeltis 
getula         
  Lat+Long+sNMF 0.225 0.294 0.001 
  Lat+Long 0.051 0.095 0.002 
  sNMF 0.083 0.101 0.001 
          
Masticophis 
flagellum         
  Lat+Long+sNMF 0.617 0.656 0.001 
  Lat+Long 0.216 0.235 0.001 
  sNMF 0.241 0.238 0.001 
          
Pituophis catenifer         
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  Lat+Long+sNMF 0.072 0.142 0.001 
  Lat+Long 0.048 0.093 0.001 
  sNMF 0.009 0.032 0.039 
          
Rhinocheilus 
lecontei         
  Lat+Long+sNMF 0.268 0.324 0.001 
  Lat+Long 0.166 0.2 0.001 
  sNMF 0.068 0.083 0.001 
          
Salvadora 
deserticola         
  Lat+Long+sNMF 0.887 0.911 0.001 
  Lat+Long 0.092 0.101 0.003 
  sNMF 0.126 0.116 0.001 
          
Sonora 
semiannulata         
  Lat+Long+sNMF 0.6 0.7 0.001 
  Lat+Long 0.067 0.129 0.019 
  sNMF 0.151 0.16 0.001 
          
Thamnophis 
marcianus         
  Lat+Long+sNMF 0.237 0.337 0.01 
  Lat+Long 0.071 0.134 0.019 
  sNMF 0.023 0.054 0.085 
          
Trimorphodon 
biscutatus         
  Lat+Long+sNMF 0.232 0.397 0.042 
  Lat+Long 0.163 0.261 0.079 
  sNMF 0.031 0.082 NS 
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Table 2.4: Results from model selection in fastsimcoal25. Listed are the log-likelihood 
values for each model from 20 independent iterations, the AIC score, ∆AIC values, and 
AIC weights showing support for each of the three models for the 13 taxon groups. 
Taxon and Model Log-likelihood AIC ∆AIC AIC weight 
Arizona elegans     
Continuous Migration -20526.925 41083.85 0 1 
No Migration -21071.201 42164.402 1080.552 2.30E-235 
Secondary Contact -20657.902 41345.804 261.954 1.31E-57 
Crotalus atrox     
Continuous Migration -5395.006 10808.012 39.018 3.37E-09 
No Migration -5831.337 11676.674 907.68 7.94E-198 
Secondary Contact -5375.497 10768.994 0 0.999999997 
Crotalus molossus    
Continuous Migration -13028.623 26087.246 0 1 
No Migration -13285.114 26592.228 504.982 2.21E-110 
Secondary Contact -13157.725 26345.45 258.204 8.55E-57 
Crotalus scutulatus    
Continuous Migration -7716.621 15463.242 0 1 
No Migration -8515.127 17052.254 1589.012 0 
Secondary Contact -7829.757 15689.514 226.272 7.34E-50 
Hypsiglena torquata    
Continuous Migration -23857.516 47733.032 0 1.00E+00 
No Migration -25204.421 50422.842 2689.81 0 
Secondary Contact -24214.957 48447.914 714.882 5.83E-156 
Lampropeltis getula    
Continuous Migration -5679.414 11376.828 0 1 
No Migration -6044.957 12103.914 727.086 1.30E-158 
Secondary Contact -5701.982 11421.964 45.136 1.58E-10 
Masticophis flagellum    
Continuous Migration -11432.611 22895.222 0 1 
No Migration -13291.687 26605.374 3710.152 0 
Secondary Contact -11631.956 23293.912 398.69 2.66E-87 
Pituophis catenifer    
Continuous Migration -6318.376 12654.752 0 0.999932748 
No Migration -6430.757 12875.514 220.762 1.15E-48 
Secondary Contact -6327.983 12673.966 19.214 6.73E-05 
Rhinocheilus lecontei    
Continuous Migration -11314.909 22659.818 0 1 
No Migration -12173.03 24368.06 1708.242 0 
Secondary Contact -11442.118 22914.236 254.418 5.67E-56 
Salvadora hexalepis    
Continuous Migration -7145.594 14309.188 0 1 
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No Migration -7797.864 15609.728 1300.54 3.90E-283 
Secondary Contact -7252.035 14522.07 212.882 5.93E-47 
Sonora semiannulata    
Continuous Migration -19620.7 39259.4 0 1 
No Migration -19992.038 39998.076 738.676 3.97E-161 
Secondary Contact -19796.649 39611.298 351.898 3.86E-77 
Thamnophis marcianus    
Continuous Migration -15029.709 30077.418 0 1 
No Migration -16504.784 33023.568 2315.682 0 
Secondary Contact -15344.943 30707.886 630.468 1.25E-137 
Trimorphodon biscutatus    
Continuous Migration -27246.368 54522.736 0 1 
No Migration -28223.155 56468.31 1945.574 0 
Secondary Contact -27637.322 55304.644 781.908 1.62E-170 
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Table 3.1: Number of specimens measured for ventral scale counts and geometric morphometric analyses (GM), the outcomes of 
analyses of those data, and indices of reproductive isolation. 
Species group 
Number of 
Specimens 
(W/E) 
Ventral # 
Comparison 
Between 
Sexes – p-
value 
Ventral # 
Comparison 
Between 
Species – t-
stat (p-value) 
GM: 
ANOVA p-
value 
GM: 
CVA 
GM: DF GM: 
Mahalanobis 
Distance 
Arizona elegans 11/24 0.14 0.08 (0.93) 0.1647 0.88 0.62 2.41 
Crotalus atrox 11/31 0.28 1.93 (0.07) 0.829 0.71 0.51 1.06 
Crotalus molossus 12/17 0.09 0.41 (0.69) 0.2604 0.93 0.62 2.79 
Crotalus scutulauts 15/15 0.94 3.93 (0.00) 0.6006 0.77 0.60 1.12 
Hypsiglena 
torquata 
5/24 NA 1.56 (0.14) 0.3298 0.97 0.79 4.64 
Lampropeltis getula 38/17 0.97 1.80 (0.09) 0.1078 0.93 0.66 2.21 
Masticophis 
flagellum 
59/20 0.34 5.23 (0.00) 0.0006 0.90 0.80 2.14 
Pituophis catenifer 41/19 0.63 3.05 (0.00) 0.0025 0.98 0.73 2.99 
Rhinocheilus 
lecontei 
29/22 0.22 3.25 (0.00) 0.0008 0.98 0.80 3.36 
Salvadora 
hexalepis 
18/45 0.63 4.09 (0.00) 0.0023 0.92 0.63 2.45 
Sonora 
semiannulata 
14/16 NA 3.39 (0.00) 0.5605 0.97 0.75 4.18 
Thamnophis 
marcianus 
12/10 0.80 3.82 (0.00) 0.3068 1.0 0.46 5.91 
Trimorphodon 
biscutatus 
8/5 0.75 3.24 (0.01) 0.6527 0.92 0.46 2.35 
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Table 3.2: Tests of niche equivalency and similarity. Significant values for niche equivalency tests demonstrate that the species pairs 
are occupying distinct environmental niches. For the background similarity tests p-values are listed as “western species predicting 
eastern, eastern species predicting western”. Statistically significant values (p < 0.05) indicate that species are more similar than 
expected under a null hypothesis of randomization. 
Species group 
 
D statistic value 
Niche Equivalency 
p-values 
Niche Similarity p-
values 
Arizona elegans 0.248 0.0198 0.146, 0.118 
Crotalus atrox 0.313 0.0198 0.089, 0.129 
Crotalus molossus 0.611 0.0594 0.04, 0.05 
Crotalus scutulauts 0.532 0.0198 0.01, 0.01 
Hypsiglena torquata 0.272 0.0198 0.059, 0.119 
Lampropeltis getula 0.364 0.0198 0.01, 0.04 
Masticophis flagellum 0.523 0.0198 0.01, 0.0198 
Pituophis catenifer 0.407 0.0198 0.06, 0.08 
Rhinocheilus lecontei 0.414 0.0198 0.03, 0.05 
Salvadora hexalepis 0.411 0.0198 0.02, 0.04 
Sonora semiannulata 0.19 0.0198 0.37, 0.36 
Thamnophis marcianus 0.224 0.0198 0.149, 0.188 
Trimorphodon biscutatus 0.043 0.0198 0.485, 0.287 
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Table 3.3: Divergence times estimated from fsc2 and metrics of reproductive isolation 
estimated from SNP data between sister species pairs. 
Species group 
Divergence Time 
Estimate (MYA) 
Average 
Migration 
Rate 
FST rd 
Arizona elegans 8460915 1.61e-07 0.29 0.06 
Crotalus atrox 760665 1.08e-05 0.10 0.01 
Crotalus molossus 8838408 9.78e-08 0.18 0.02 
Crotalus scutulauts 8778108 6.86e-07 0.16 0.02 
Hypsiglena torquata 3382236 7.64e-08 0.37 0.07 
Lampropeltis getula 1131210 8.58e-06 0.15 0.02 
Masticophis flagellum 10341984 1.89e-07 0.29 0.03 
Pituophis catenifer 1294295 6.15e-06 0.06 0.02 
Rhinocheilus lecontei 6865836 2.62e-07 0.15 0.04 
Salvadora hexalepis 3794252 1.18e-07 0.50 0.28 
Sonora semiannulata 4856931 9.92e-07 0.40 0.12 
Thamnophis marcianus 1238412 1.62e-06 0.16 0.05 
Trimorphodon biscutatus 1690580 1.63e-06 0.12 0.01 
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Table 3.4: Posterior inclusion probabilities for each covariate over all 32 models 
assessed using Bayesian model averaging. 
 Response Variable 
Explanatory 
Variable 
Average 
Migration 
Rate 
Head Shape 
Difference 
FST Environmental 
Niche 
Difference 
Vertebral 
Number 
Difference 
Average 
Migration Rate 
NA 0.71 0.58 0.41 0.24 
Divergence 
Time 
0.96 0.66 0.26 0.77 0.22 
Head Shape 
Difference 
0.81 NA 0.24 0.28 0.21 
FST 0.40 0.23 NA 0.23 0.22 
Environmental 
Niche 
Difference 
0.37 0.28 0.22 NA 0.22 
Vertebral 
Number 
Difference 
0.27 0.22 0.22 0.22 NA 
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Figure 1.1: Map of focal region illustrating the Sonoran and Chihuahuan Deserts in tan 
and the Sierra Madre Occidental. The Western Continental Divide is highlighted in black. 
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Figure 1.2: Representative photos, rooted Bayesian inference gene-trees, and geographic 
distributions of lineages within North America. Species are as follows: A. Arizona 
elegans, B. Crotalus atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. Hypsiglena 
torquata, F. Lampropeltis getula, G. Masticophis flagellum, H. Pituophis catenifer, I. 
Rhinocheilus lecontei, J. Salvadora hexalepis, K. Thamnophis marcianus, L. 
Trimorphodon biscutatus (Photo credits: EAM). 
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Figure 1.3: Divergence time estimates. A) Posterior distribution of divergence times for 
all taxa from BPP when populations are defined by gene-tree monophyly (not that Trim. 
biscutatus is missing from this analysis because this taxon is not monophyletic between 
the two deserts); B) Posterior distribution of divergence times from BPP when 
populations are defined by sampling locality east or west of the WCD. 
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Figure 2.1: Change in the 17 climatice variables averaged across 32.0 and 32.01 latitude. 
This latitude corresponds to a transect from the Sonoran Desert through the Cochise 
Filter Barrier into the Chihuahuan Desert, the horizontal solid line represents the Western 
Continental Divide. Data are from WorldClim (http://www.worldclim.org/). The x-axis is 
longitude and y-axes are environmental variables. Temperature variables are in ˚C * 10 
and precipitation data is in millimeters. A) Annual Mean Temperature, B) Mean Diurnal 
Range, C) Temperature Seasonality, D) Max Temp of Warmest Month, E) Min Temp of 
Coldest Month, F) Mean Temp of Wettest Quarter, G) Mean Temp of Driest Quarter, H) 
Mean Temp of Warmest Quarter, I) Mean Temp of Coldest Quarter, J) Annual 
Precipitation, K) Precipitation of Wettest Month, L) Precipitation of Driest Month, M) 
Precipitation Seasonality, N) Precipitation of Wettest Quarter, O) Precipitation of Driest 
Quarter, P) Precipitation of Warmest Quarter , Q) Precipitation of Coldest Quarter. 
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Figure 2.2: Maps of collecting localities. Each circle represents an individual, the color 
of the circle is representative of the results from sNMF where the proportion of the color 
corresponds to the population assignment of that individual. Inset are plots of ancestry 
coefficients from sNMF, each bar is an individual, and the proportion of the color of each 
bar corresponds to population assignment. Individuals are arranged in this plot from west 
to east, left to right following the latitude at which they were collected. The x-axis is 
longitude and y-axis is latitude. Taxa are as follows: A. Arizona elegans, B. Crotalus 
atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. Hypsiglena torquata, F. 
Lampropeltis getula, G. Masticophis flagellum, H. Pituophis catenifer, I. Rhinocheilus 
lecontei, J. Salvadora hexalepis, K. Sonora semiannulata, L. Thamnophis marcianus, and 
M. Trimorphodon biscutatus. 
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Figure 2.2 cont: 
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Figure 2.2 cont: 
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Figure 2.2 cont: 
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Figure 2.2 cont: 
 
 
−120 −115 −110 −105 −100 −95
25
30
35
Rhino Sampled Individuals
A
nc
es
try
 c
oe
ffi
ci
en
ts
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
!"
−120 −115 −110 −105 −100 −95
25
30
35
!"#$"%&'"()*%+$+%,"#-
.*
/0
-1'
2(/
&0
33+/
+0*
1-
45
4
45
6
45
7
45
8
45
9
:5
4
#"
 89 
Figure 2.2 cont: 
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Figure 2.3: Three demographic models used in model selection. Models A – C are the 
two population models, while models D – F are three population models. Models A and 
D are allopatric divergence with strict isolation, B and E are allopatric divergence with 
secondary contact, and C and F are parapatric divergence. Note that each terminal 
population was allowed to expand or contract in size post divergence. Parameter 
abbreviations are as follows: NA, NA1, NA2,= ancestral effective population sizes, N1, N2, 
N3, = current effective population sizes, tdiv, tdiv2 = timing of divergence, tSC = time of 
secondary contact. Black and grey arrows represent migration between populations.
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Figure 2.4: Correlation between genetic distances and geographic distances. Note the 
discontinuity in clouds of points (e.g., in box A.), which may represent distant and 
genetically differentiated populations. Taxa are as follows: A. Arizona elegans, B. 
Crotalus atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. Hypsiglena torquata, F. 
Lampropeltis getula, G. Masticophis flagellum, H. Pituophis catenifer, I. Rhinocheilus 
lecontei, J. Salvadora hexalepis, K. Sonora semiannulata, L. Thamnophis marcianus, and 
M. Trimorphodon biscutatus.
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Figure 2.5: Bootstrapped divergence time estimates from fsc25. Note the x- and y-axis 
differ between each plot. 
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Figure 3.1: A) Ecological speciation: Positive correlation between RI and divergence 
time and ecological divergence under the hypothesis of ecological speciation. B) Non-
ecological speciation: Positive correlation between RI and time, yet with no correlation 
between RI and ecological divergence. 
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Figure 3.2: Landmarks used in geometric morphometric analyses. Numbers within dots 
indicate the order of digitization. A. Crotalus atrox (EAMV0175), B. Salvadora 
hexalepix (EAMV0167), representative of all Colubridae species, C. Crotalus molossus 
(AMNH111212), and D. Crotalus scutulatus (AMNH70635). 
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Figure 3.3: Histograms of the number of ventral scale counts within each species. Note 
that the x-axis differs among the plots. Taxa are as follows: A. Arizona elegans, B. 
Crotalus atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. Hypsiglena torquata, F. 
Lampropeltis getula, G. Masticophis flagellum, H. Pituophis catenifer, I. Rhinocheilus 
lecontei, J. Salvadora hexalepis, K. Sonora semiannulata, L. Thamnophis marcianus, and 
M. Trimorphodon biscutatus. 
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Figure 3.4: Position of specimens in geometric morphometric morphospace based on the 
first two PC axes. Landmarks in tangent space are shown for most extreme shapes in 
corners. Sister species are color coded by black and red dots. Taxa are as follows: A. 
Arizona elegans, B. Crotalus atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. 
Hypsiglena torquata, F. Lampropeltis getula, G. Masticophis flagellum, H. Pituophis 
catenifer, I. Rhinocheilus lecontei, J. Salvadora hexalepis, K. Sonora semiannulata, L. 
Thamnophis marcianus, and M. Trimorphodon biscutatus. 
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Figure 3.5: Results from environmental niche analyses from PCA-env for each species 
pair. The upper left and right boxes for each species group are pairwise comparisons of 
the environmental niche between each sister species pair. These plots represent the niche 
of each taxon along the first two PC axes. Shading indicates the density of occurrences by 
cell and the solid and dashed lines represent 100% and 50% of the available climate 
within western North America, respectively. Correlation circles illustrate the contribution 
of incorporated climatic variables. Taxa are as follows: A. Arizona elegans, B. Crotalus 
atrox, C. Crotalus molossus, D. Crotalus scutulatus, E. Hypsiglena torquata, F. 
Lampropeltis getula, G. Masticophis flagellum, H. Pituophis catenifer, I. Rhinocheilus 
lecontei, J. Salvadora hexalepis, K. Sonora semiannulata, L. Thamnophis marcianus, and 
M. Trimorphodon biscutatus. 
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Figure 3.5 cont: 
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Figure 3.6: Results from Bayesian model averaging showing cumulative probabilities for 
the 10 best models for each response variable (including average migration rate, head 
shape differences, environmental niche differences, vertebral number differences, and 
FST). Best models are plotted to the left-hand side. Predictor variables are scaled by 
posterior model probabilities. Blue indicates a positive association and red indicates a 
negative association. 
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Appendix 1.1: Genbank and museum accession numbers for all specimens used in 
Chapter 1. 
Taxon 
Field 
Series/Reference 
AMNH 
Accession 
Number Locus 
GenBank 
Accession 
Number Notes 
Arizona elegans DBS837  cytochrome b   
Arizona elegans DBS872  cytochrome b   
Arizona elegans DBS895  cytochrome b   
Arizona elegans EAM234 502365 cytochrome b   
Arizona elegans EAM262 177707 cytochrome b   
Arizona elegans EAM288 502377 cytochrome b   
Arizona elegans EAM295 - cytochrome b   
Arizona elegans EAM303 177708 cytochrome b   
Arizona elegans EAM378 502406 cytochrome b   
Arizona elegans EAM525 177709 cytochrome b   
Arizona elegans EAM665 177710 cytochrome b   
Arizona elegans EAM667 502471 cytochrome b   
Arizona elegans EAM716 502482 cytochrome b   
Arizona elegans EAM720 502484 cytochrome b   
Arizona elegans EAM731 502489 cytochrome b   
Arizona elegans AE1  cytochrome b   
Arizona elegans FTB1370 500223 cytochrome b   
Arizona elegans FTB1371 500224 cytochrome b   
Arizona elegans FTB1854 500225 cytochrome b   
Arizona elegans FTB1886 500226 cytochrome b   
Arizona elegans FTB1887 500227 cytochrome b   
Arizona elegans FTB1893 500228 cytochrome b   
Arizona elegans FTB1894 500229 cytochrome b   
Arizona elegans FTB1895 500230 cytochrome b   
Arizona elegans FTB1898 500231 cytochrome b   
Arizona elegans FTB1919 500232 cytochrome b  
out group for 
R. lecontei 
Arizona elegans FTB1937 500233 cytochrome b   
Arizona elegans FTB1942 500234 cytochrome b   
Arizona elegans GAA83_10  cytochrome b   
Arizona elegans GDC13924  cytochrome b   
Arizona elegans GDC15342  cytochrome b   
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Arizona elegans GDC25714  cytochrome b   
Arizona elegans GDC26055  cytochrome b   
Arizona elegans GDC26121  cytochrome b   
Arizona elegans GDC26153  cytochrome b   
Arizona elegans GDC27179  cytochrome b   
Arizona elegans MHP9519  cytochrome b   
Arizona elegans MHP9538  cytochrome b   
Arizona elegans MVZ230706  cytochrome b   
Arizona elegans MVZ241601  cytochrome b   
Arizona elegans MVZ244264  cytochrome b   
Arizona elegans MVZ249121  cytochrome b   
Arizona elegans MVZ250628  cytochrome b   
Arizona elegans MVZ265234  cytochrome b   
Arizona elegans ROM14479  cytochrome b   
Arizona elegans ROM14481  cytochrome b   
Arizona elegans ROM14999  cytochrome b   
Arizona elegans ROM15001  cytochrome b   
Arizona elegans ROM15002  cytochrome b   
Arizona elegans ROM15004  cytochrome b   
Arizona elegans ROM15008  cytochrome b   
Crotalus atrox EAM192 502344 cytochrome b   
Crotalus atrox EAM202 502348 cytochrome b   
Crotalus atrox EAM204 502350 cytochrome b   
Crotalus atrox EAM212 502355 cytochrome b   
Crotalus atrox EAM219 502357 cytochrome b   
Crotalus atrox EAM225 502360 cytochrome b   
Crotalus atrox EAM226 502361 cytochrome b   
Crotalus atrox EAM238 502366 cytochrome b   
Crotalus atrox EAM239 502367 cytochrome b   
Crotalus atrox EAM241 502368 cytochrome b   
Crotalus atrox EAM252 177725 cytochrome b   
Crotalus atrox EAM254 502369 cytochrome b   
Crotalus atrox EAM257 502371 cytochrome b   
Crotalus atrox EAM292 - cytochrome b   
Crotalus atrox EAM296 502380 cytochrome b   
Crotalus atrox EAM301 502381 cytochrome b   
Crotalus atrox EAM325 502385 cytochrome b   
Crotalus atrox EAM329 502388 cytochrome b   
Crotalus atrox EAM337 502391 cytochrome b   
Crotalus atrox EAM342 502394 cytochrome b   
Crotalus atrox EAM356 502401 cytochrome b   
Crotalus atrox EAM364 502402 cytochrome b   
Crotalus atrox EAM371 502404 cytochrome b   
Crotalus atrox EAM390 502407 cytochrome b   
Crotalus atrox EAM405 502495 cytochrome b   
Crotalus atrox EAM409 502496 cytochrome b   
Crotalus atrox EAM438 502414 cytochrome b   
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Crotalus atrox EAM441 502502 cytochrome b   
Crotalus atrox EAM447 502417 cytochrome b   
Crotalus atrox EAM450 502503 cytochrome b   
Crotalus atrox EAM456 - cytochrome b   
Crotalus atrox EAM459 502422 cytochrome b   
Crotalus atrox EAM463 - cytochrome b   
Crotalus atrox EAM469 502427 cytochrome b   
Crotalus atrox EAM470 502428 cytochrome b   
Crotalus atrox EAM471 502429 cytochrome b   
Crotalus atrox EAM472 502430 cytochrome b   
Crotalus atrox EAM475 502433 cytochrome b   
Crotalus atrox EAM478 502436 cytochrome b   
Crotalus atrox EAM490 502440 cytochrome b   
Crotalus atrox EAM522 177662 cytochrome b   
Crotalus atrox EAM535 177663 cytochrome b   
Crotalus atrox EAM548 177667 cytochrome b   
Crotalus atrox EAM578 177664 cytochrome b   
Crotalus atrox EAM591 502463 cytochrome b   
Crotalus atrox EAM607 177673 cytochrome b   
Crotalus atrox EAM619 177675 cytochrome b   
Crotalus atrox EAM698 502479 cytochrome b   
Crotalus atrox EAM737 177681 cytochrome b   
Crotalus atrox EAM747 - cytochrome b   
Crotalus atrox EAM752 502491 cytochrome b   
Crotalus atrox FTB1363 502001 cytochrome b   
Crotalus atrox FTB1855 502005 cytochrome b   
Crotalus atrox FTB1864 502006 cytochrome b   
Crotalus atrox FTB1870 502008 cytochrome b   
Crotalus atrox FTB1896 502011 cytochrome b   
Crotalus atrox FTB1899 502012 cytochrome b   
Crotalus atrox FTB1912 502018 cytochrome b   
Crotalus atrox FTB1913 502019 cytochrome b   
Crotalus atrox FTB1914 502020 cytochrome b   
Crotalus atrox FTB1943 502024 cytochrome b   
Crotalus atrox FTB1959 502026 cytochrome b   
Crotalus 
horridus 
Margres et al 
2015  cytochrome b KJ730340 
out group for 
C. molossus 
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Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620843  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620845  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b AY704847  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b AY704846  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620841  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620842  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620826  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620837  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620827  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620840  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620828  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620820  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620831  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620835  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620821  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620832  
Crotalus 
molossus 
Anderson & 
Greenbaum,  cytochrome b JN620829  
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2012 
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620836  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620830  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620834  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b AY704848  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620838  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620825  
Crotalus 
molossus 
Anderson & 
Greenbaum, 
2012  cytochrome b JN620839  
Crotalus 
molossus 
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Burbrink, 2009  cytochrome b FTB3029  
Lampropeltis 
getula 
Pyron & 
Burbrink, 2009  cytochrome b FTB3035  
Lampropeltis 
getula 
Pyron & 
Burbrink, 2009  cytochrome b DQ360310 
out group for 
western L. 
getula 
Masticophis 
flagellum CAS200375  cytochrome b   
Masticophis 
flagellum CAS200381  cytochrome b   
Masticophis 
flagellum CAS200662  cytochrome b   
Masticophis 
flagellum CAS223614  cytochrome b   
Masticophis 
flagellum EAM193 502345 cytochrome b   
Masticophis 
flagellum EAM195 502347 cytochrome b   
Masticophis 
flagellum EAM203 502349 cytochrome b   
Masticophis 
flagellum EAM205 502351 cytochrome b   
Masticophis 
flagellum EAM206 502352 cytochrome b   
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Masticophis 
flagellum EAM221 502358 cytochrome b   
Masticophis 
flagellum EAM222 502359 cytochrome b   
Masticophis 
flagellum EAM232 502363 cytochrome b   
Masticophis 
flagellum EAM255 502370 cytochrome b   
Masticophis 
flagellum EAM291 502378 cytochrome b   
Masticophis 
flagellum EAM416 502409 cytochrome b   
Masticophis 
flagellum EAM417 502410 cytochrome b   
Masticophis 
flagellum EAM451 502504 cytochrome b   
Masticophis 
flagellum EAM454 502420 cytochrome b   
Masticophis 
flagellum EAM460 502423 cytochrome b   
Masticophis 
flagellum EAM468 502426 cytochrome b   
Masticophis 
flagellum EAM507 502445 cytochrome b   
Masticophis 
flagellum EAM519 502450 cytochrome b   
Masticophis 
flagellum EAM534 502451 cytochrome b   
Masticophis 
flagellum FTB1376 500882 cytochrome b   
Masticophis 
flagellum FTB1377 500883 cytochrome b   
Masticophis 
flagellum FTB1382 500884 cytochrome b   
Masticophis 
flagellum FTB1542 500885 cytochrome b   
Masticophis 
flagellum FTB1549 500886 cytochrome b   
Masticophis 
flagellum FTB1550 500887 cytochrome b   
Masticophis 
flagellum FTB1897 500889 cytochrome b   
Masticophis 
flagellum FTB1901 500890 cytochrome b   
Masticophis 
flagellum FTB1953 500891 cytochrome b   
Masticophis 
flagellum H1976  cytochrome b   
Masticophis JAC30652  cytochrome b   
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flagellum 
Masticophis 
flagellum MHP8255  cytochrome b   
Masticophis 
flagellum MHP9891  cytochrome b   
Masticophis 
flagellum MVZ_161425  cytochrome b   
Masticophis 
flagellum MVZ_229145  cytochrome b   
Masticophis 
flagellum MVZ_234614  cytochrome b   
Masticophis 
flagellum MVZ_245881  cytochrome b   
Masticophis 
flagellum UTAR59000  cytochrome b   
Masticophis 
flagellum UTAR59001  cytochrome b   
Pantherophis 
obsoletus 
Burbrink et al., 
2000  cytochrome b AF283596 
out group for 
P. catenifer 
Pituophis 
catenifer BRY113  cytochrome b   
Pituophis 
catenifer BRY324  cytochrome b   
Pituophis 
catenifer BRY325  cytochrome b   
Pituophis 
catenifer BRY48  cytochrome b   
Pituophis 
catenifer BRY89  cytochrome b   
Pituophis 
catenifer BRY91  cytochrome b   
Pituophis 
catenifer DBS766  cytochrome b   
Pituophis 
catenifer DBS768  cytochrome b   
Pituophis 
catenifer DBS862  cytochrome b   
Pituophis 
catenifer DBS932  cytochrome b   
Pituophis 
catenifer EAM175  cytochrome b   
Pituophis 
catenifer EAM208 502353 cytochrome b   
Pituophis 
catenifer EAM230 502362 cytochrome b   
Pituophis 
catenifer EAM233 502364 cytochrome b   
Pituophis 
catenifer EAM267 502372 cytochrome b   
Pituophis EAM269 502373 cytochrome b   
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catenifer 
Pituophis 
catenifer EAM286 502376 cytochrome b   
Pituophis 
catenifer EAM330 177737 cytochrome b   
Pituophis 
catenifer EAM362 177738 cytochrome b   
Pituophis 
catenifer EAM414 502498 cytochrome b   
Pituophis 
catenifer EAM434 - cytochrome b   
Pituophis 
catenifer EAM439 502500 cytochrome b   
Pituophis 
catenifer EAM448 502418 cytochrome b   
Pituophis 
catenifer EAM455 502421 cytochrome b   
Pituophis 
catenifer EAM461 502424 cytochrome b   
Pituophis 
catenifer EAM473 502431 cytochrome b   
Pituophis 
catenifer EAM491 - cytochrome b   
Pituophis 
catenifer EAM550 502452 cytochrome b   
Pituophis 
catenifer EAM583 502459 cytochrome b   
Pituophis 
catenifer EAM588 502461 cytochrome b   
Pituophis 
catenifer EAM598 177764 cytochrome b   
Pituophis 
catenifer EAM625 502467 cytochrome b   
Pituophis 
catenifer EAM632 177739 cytochrome b   
Pituophis 
catenifer EAM648 177740 cytochrome b   
Pituophis 
catenifer EAM725 502486 cytochrome b   
Pituophis 
catenifer EAM762 177742 cytochrome b   
Pituophis 
catenifer FTB1165 501430 cytochrome b   
Pituophis 
catenifer FTB1166 501431 cytochrome b   
Pituophis 
catenifer FTB1319 - cytochrome b   
Pituophis 
catenifer FTB1348 - cytochrome b   
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Pituophis 
catenifer FTB1368 501432 cytochrome b   
Pituophis 
catenifer FTB1369 501433 cytochrome b   
Pituophis 
catenifer FTB1392 177540 cytochrome b   
Pituophis 
catenifer FTB1398 501467 cytochrome b   
Pituophis 
catenifer FTB1472 501434 cytochrome b   
Pituophis 
catenifer FTB1473 501435 cytochrome b   
Pituophis 
catenifer FTB1537 501439 cytochrome b   
Pituophis 
catenifer FTB1538 501440 cytochrome b   
Pituophis 
catenifer FTB1539 501441 cytochrome b   
Pituophis 
catenifer FTB1540 501442 cytochrome b   
Pituophis 
catenifer FTB1541 501443 cytochrome b   
Pituophis 
catenifer FTB1625 501468 cytochrome b   
Pituophis 
catenifer FTB1828 501444 cytochrome b   
Pituophis 
catenifer FTB1851 501445 cytochrome b   
Pituophis 
catenifer FTB1867 501446 cytochrome b   
Pituophis 
catenifer FTB1873 501447 cytochrome b   
Pituophis 
catenifer FTB1878 501448 cytochrome b   
Pituophis 
catenifer FTB1882 501449 cytochrome b   
Pituophis 
catenifer FTB1884 501450 cytochrome b   
Pituophis 
catenifer FTB1890 501452 cytochrome b   
Pituophis 
catenifer FTB1892 501453 cytochrome b   
Pituophis 
catenifer FTB1909 501454 cytochrome b   
Pituophis 
catenifer FTB1911 501455 cytochrome b   
Pituophis 
catenifer FTB1917 501456 cytochrome b   
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Pituophis 
catenifer FTB1918 501457 cytochrome b   
Pituophis 
catenifer FTB1931 501458 cytochrome b   
Pituophis 
catenifer FTB2040 501469 cytochrome b   
Pituophis 
catenifer FTB2155 501470 cytochrome b   
Pituophis 
catenifer FTB2178 501460 cytochrome b   
Pituophis 
catenifer FTB2438 501472 cytochrome b   
Pituophis 
catenifer FTB3031 501461 cytochrome b   
Pituophis 
catenifer FTB3036 501462 cytochrome b   
Pituophis 
catenifer FTB3038 501463 cytochrome b   
Pituophis 
catenifer FTB3040 501464 cytochrome b   
Pituophis 
catenifer FTB3041 501465 cytochrome b   
Pituophis 
catenifer FTB3045  cytochrome b   
Pituophis 
catenifer FTB3046  cytochrome b   
Pituophis 
catenifer FTB3047  cytochrome b   
Pituophis 
catenifer FTB3048  cytochrome b   
Pituophis 
catenifer FTB3049  cytochrome b   
Pituophis 
catenifer FTB656 501466 cytochrome b   
Pituophis 
catenifer GDC13629  cytochrome b   
Pituophis 
catenifer GDC13894  cytochrome b   
Pituophis 
catenifer GDC14071  cytochrome b   
Pituophis 
catenifer GDC27220  cytochrome b   
Pituophis 
catenifer MVZ137699  cytochrome b   
Pituophis 
catenifer MVZ149987  cytochrome b   
Pituophis 
catenifer MVZ150216  cytochrome b   
Pituophis MVZ150218  cytochrome b   
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catenifer 
Pituophis 
catenifer MVZ164959  cytochrome b   
Pituophis 
catenifer MVZ229150  cytochrome b   
Pituophis 
catenifer MVZ229151  cytochrome b   
Pituophis 
catenifer MVZ229215  cytochrome b   
Pituophis 
catenifer MVZ235928  cytochrome b   
Pituophis 
catenifer MVZ250704  cytochrome b   
Pituophis 
catenifer WW28  cytochrome b   
Rhinocheilus 
lecontei DBS785  cytochrome b  
out group for 
A. elegans 
Rhinocheilus 
lecontei DBS805  cytochrome b   
Rhinocheilus 
lecontei EAM194 502346 cytochrome b   
Rhinocheilus 
lecontei EAM197 177743 cytochrome b   
Rhinocheilus 
lecontei EAM210 502354 cytochrome b   
Rhinocheilus 
lecontei EAM294 502379 cytochrome b   
Rhinocheilus 
lecontei EAM304 177744 cytochrome b   
Rhinocheilus 
lecontei EAM311 177745 cytochrome b   
Rhinocheilus 
lecontei EAM312 502382 cytochrome b   
Rhinocheilus 
lecontei EAM327 502386 cytochrome b   
Rhinocheilus 
lecontei EAM346 177747 cytochrome b   
Rhinocheilus 
lecontei EAM352 502398 cytochrome b   
Rhinocheilus 
lecontei EAM372 502405 cytochrome b   
Rhinocheilus 
lecontei EAM418 502411 cytochrome b   
Rhinocheilus 
lecontei EAM427 502412 cytochrome b   
Rhinocheilus 
lecontei EAM446 502416 cytochrome b   
Rhinocheilus 
lecontei EAM449 502419 cytochrome b   
Rhinocheilus EAM464 502506 cytochrome b   
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lecontei 
Rhinocheilus 
lecontei EAM476 502434 cytochrome b   
Rhinocheilus 
lecontei EAM477 502435 cytochrome b   
Rhinocheilus 
lecontei EAM485 502437 cytochrome b   
Rhinocheilus 
lecontei EAM513 502508 cytochrome b   
Rhinocheilus 
lecontei EAM523 502509 cytochrome b   
Rhinocheilus 
lecontei EAM647 502470 cytochrome b   
Rhinocheilus 
lecontei EAM666 177748 cytochrome b   
Rhinocheilus 
lecontei EAM672 502472 cytochrome b   
Rhinocheilus 
lecontei EAM679 502474 cytochrome b   
Rhinocheilus 
lecontei EAM680 502475 cytochrome b   
Rhinocheilus 
lecontei EAM683 502476 cytochrome b   
Rhinocheilus 
lecontei EAM689 502477 cytochrome b   
Rhinocheilus 
lecontei EAM700 177749 cytochrome b   
Rhinocheilus 
lecontei EAM711 502480 cytochrome b   
Rhinocheilus 
lecontei EAM726 502487 cytochrome b   
Rhinocheilus 
lecontei EAM728 502488 cytochrome b   
Rhinocheilus 
lecontei EAM730 - cytochrome b   
Rhinocheilus 
lecontei EAM756 502492 cytochrome b   
Rhinocheilus 
lecontei FTB1463 501488 cytochrome b   
Rhinocheilus 
lecontei FTB1546 501489 cytochrome b   
Rhinocheilus 
lecontei FTB1551 501490 cytochrome b   
Rhinocheilus 
lecontei FTB1850 501491 cytochrome b   
Rhinocheilus 
lecontei FTB1865 501492 cytochrome b   
Rhinocheilus 
lecontei FTB1889 501451 cytochrome b   
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Rhinocheilus 
lecontei FTB1922 501494 cytochrome b   
Rhinocheilus 
lecontei FTB1924 501495 cytochrome b   
Rhinocheilus 
lecontei FTB1927 501496 cytochrome b   
Rhinocheilus 
lecontei FTB1928 501497 cytochrome b   
Rhinocheilus 
lecontei FTB1939 501498 cytochrome b   
Rhinocheilus 
lecontei FTB1948 501499 cytochrome b   
Rhinocheilus 
lecontei FTB1954 501500 cytochrome b   
Rhinocheilus 
lecontei GCD26133  cytochrome b   
Rhinocheilus 
lecontei GDC15352  cytochrome b   
Rhinocheilus 
lecontei GDC15353  cytochrome b   
Rhinocheilus 
lecontei GDC26091  cytochrome b   
Rhinocheilus 
lecontei GDC26133  cytochrome b   
Rhinocheilus 
lecontei GDC26141  cytochrome b   
Rhinocheilus 
lecontei GDC26149  cytochrome b   
Rhinocheilus 
lecontei MHP9133  cytochrome b   
Rhinocheilus 
lecontei MVZ179991  cytochrome b   
Rhinocheilus 
lecontei MVZ224156  cytochrome b   
Rhinocheilus 
lecontei MVZ230542  cytochrome b   
Rhinocheilus 
lecontei MVZ265284  cytochrome b   
Rhinocheilus 
lecontei TJL2641  cytochrome b   
Salvadora 
hexalepis EAM283 502374 cytochrome b   
Salvadora 
hexalepis EAM285 502375 cytochrome b   
Salvadora 
hexalepis EAM320 502383 cytochrome b   
Salvadora 
hexalepis EAM321 502384 cytochrome b   
Salvadora EAM365 502403 cytochrome b   
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hexalepis 
Salvadora 
hexalepis EAM494 502442 cytochrome b   
Salvadora 
hexalepis EAM508 502446 cytochrome b   
Salvadora 
hexalepis EAM699 177750 cytochrome b   
Salvadora 
hexalepis EAM734 177751 cytochrome b   
Salvadora 
hexalepis FTB1902 501503 cytochrome b  
out group for 
M. flagellum 
Salvadora 
hexalepis FTB1910 501504 cytochrome b   
Salvadora 
hexalepis FTB1933 501505 cytochrome b   
Salvadora 
hexalepis FTB1934 501506 cytochrome b   
Salvadora 
hexalepis FTB1935 501507 cytochrome b   
Salvadora 
hexalepis FTB1936 501508 cytochrome b   
Salvadora 
hexalepis FTB1955 502197 cytochrome b   
Salvadora 
hexalepis FTB1960 501509 cytochrome b   
Salvadora 
hexalepis FTB2947  cytochrome b   
Salvadora 
hexalepis FTB2948  cytochrome b   
Salvadora 
hexalepis GDC13962  cytochrome b   
Salvadora 
hexalepis GDC13969  cytochrome b   
Salvadora 
hexalepis GDC14009  cytochrome b   
Salvadora 
hexalepis MVZ161435  cytochrome b   
Salvadora 
hexalepis MVZ161437  cytochrome b   
Salvadora 
hexalepis MVZ233491  cytochrome b   
Salvadora 
hexalepis MVZ249157  cytochrome b   
Salvadora 
hexalepis MVZ265286  cytochrome b   
Salvadora 
mexicana Nagy et al., 2004  cytochrome b AY486934 
out group for S. 
hexalepis 
Thamnophis 
marcianus EAM309 177759 cytochrome b   
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Thamnophis 
marcianus EAM310 177760 cytochrome b   
Thamnophis 
marcianus EAM328 502387 cytochrome b   
Thamnophis 
marcianus EAM428 502413 cytochrome b   
Thamnophis 
marcianus EAM512 502507 cytochrome b   
Thamnophis 
marcianus EAM673 502473 cytochrome b   
Thamnophis 
marcianus EAM695 177762 cytochrome b   
Thamnophis 
marcianus EAM697 502478 cytochrome b   
Thamnophis 
marcianus EAM712 502481 cytochrome b   
Thamnophis 
marcianus EAM738 502490 cytochrome b   
Thamnophis 
marcianus FTB3030 501554 cytochrome b   
Thamnophis 
marcianus FTB3034 501555 cytochrome b   
Thamnophis 
marcianus GDC13842  cytochrome b   
Thamnophis 
marcianus GDC13966  cytochrome b   
Thamnophis 
marcianus GDC14093  cytochrome b   
Thamnophis 
marcianus GDC16049  cytochrome b   
Thamnophis 
marcianus GDC16084  cytochrome b   
Thamnophis 
marcianus GDC27161  cytochrome b   
Thamnophis 
marcianus MVZ150237  cytochrome b   
Thamnophis 
marcianus MVZ244073  cytochrome b   
Thamnophis 
marcianus WW8  cytochrome b   
Thamnophis 
sirtalis 
de Queiroz et al., 
2002  cytochrome b AF420193 
out group for 
Thamn. 
marcianus 
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497451  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497452  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497453  
Trimorphodon Devitt, 2006  ND4 DQ497455  
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biscutatus 
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497456  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497457  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497458  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497459  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497460  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497461  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497462  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497463  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497464  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497465  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497466  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497467  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497468  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497469  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497470  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497471  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497472  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497473  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497474  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497475  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497476  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497477  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497478  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497479  
Trimorphodon Devitt, 2006  ND4 DQ497480  
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biscutatus 
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497481  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497482  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497483  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497484  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497485  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497486  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497491  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497492  
Trimorphodon 
biscutatus Devitt, 2006  ND4 DQ497493  
Trimorphodon 
tau Devitt, 2006  ND4 DQ497537 
out group for 
Trim. 
biscutatus 
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Appendix 1.2: RDA results with significance values for each variable and combinations 
of variables on structuring genetic diversity. An ANOVA test was calculated on the 
variation explained by each to assess significance. 
 
RDA Analysis 
Results:         
Taxon Model 
Variance 
(Adjusted R2) 
Variance 
(R2) P-Value 
Arizona elegans         
  Full 0.58 0.81 0.01 
  Current Clim 0.43 0.64 0.01 
  Distance 0.06 0.05 NS 
  Location 0.13 0.07 0.01 
  Geo + Locale 0.1 0.09 NS 
  Geo + Clim 0.45 0.7 0.001 
  Loc + Clim 0.4 0.64 0.01 
          
Lampropeltis getula         
  Full 0.22 0.42 0.001 
  Current Clim 0.08 0.25 0.05 
  Distance 0.006 0.03 NS 
  Location 0.004 0.01 NS 
  Geo + Locale 0.01 0.04 NS 
  Geo + Clim 0.21 0.4 0.001 
  Loc + Clim 0.1 0.27 0.01 
          
Masticophis flagellum         
  Full 0.63 0.85 0.001 
  Current Clim 0.16 0.33 0.05 
  Distance -0.03 0.01 NS 
  Location -0.02 0.004 NS 
  Geo + Locale -0.03 0.02 NS 
  Geo + Clim 0.17 0.38 0.05 
  Loc + Clim 0.34 0.52 0.001 
          
Pituophis catenifer         
  Full 0.35 0.59 0.001 
  Current Clim 0.28 0.47 0.001 
  Distance 0.01 0.03 NS 
  Location 0.01 0.02 NS 
  Geo + Locale 0.02 0.05 NS 
  Geo + Clim 0.35 0.57 0.001 
  Loc + Clim 0.35 0.55 0.001 
          
Rhinocheilus lecontei         
  Full 0.22 0.59 0.05 
  Current Clim 0.24 0.54 0.05 
  Distance 0.01 0.04 NS 
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  Location 0.01 0.02 NS 
  Geo + Locale 0.01 0.06 NS 
  Geo + Clim 0.23 0.58 0.05 
  Loc + Clim 0.22 0.55 NS 
          
Salvadora hexalepis         
  Full 0.97 0.99 0.01 
  Current Clim 0.63 0.58 0.001 
  Distance 0.003 0.003 NS 
  Location -0.004 2.50E-06 NS 
  Geo + Locale 9.10E-05 0.003 NS 
  Geo + Clim 0.93 0.92 0.001 
  Loc + Clim 0.64 0.62 0.001 
          
Thamnophis 
marcianus         
  Full 1 1 NS 
  Current Clim 0.98 0.99 NS 
  Distance 0.16 0.25 NS 
  Location 0.02 0.07 NS 
  Geo + Locale 0.37 0.47 NS 
  Geo + Clim 1 1 NS 
  Loc + Clim 0.99 0.99 NS 
Crotalus atrox         
  Full 0.28 0.54 0.001 
  Current Clim 0.11 0.33 0.05 
  Distance 0.04 0.05 0.05 
  Location 0.06 0.06 0.01 
  Geo + Locale 0.07 0.09 0.01 
  Geo + Clim 0.14 0.38 0.01 
  Loc + Clim 0.17 0.4 0.01 
          
Crotalus molossus         
  Full 0.84 0.91 0.001 
  Current Clim 0.02 0.07 NS 
  Distance 0.001 0.007 NS 
  Location 0.1 0.07 0.001 
  Geo + Locale 0.1 0.08 0.001 
  Geo + Clim 0.04 0.1 NS 
  Loc + Clim 0.39 0.43 0.001 
          
Crotalus scutulatus         
  Full 0.64 0.78 0.001 
  Current Clim 0.37 0.47 0.001 
  Distance 0.18 0.13 0.001 
  Location 0.14 0.09 0.001 
  Geo + Locale 0.26 0.19 0.001 
  Geo + Clim 0.46 0.59 0.001 
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  Loc + Clim 0.41 0.52 0.001 
          
Hypsiglena torquata         
  Full 0.64 0.7 0.001 
  Current Clim 0.16 0.2 0.001 
  Distance 0.04 0.04 0.001 
  Location 0.01 0.01 0.01 
  Geo + Locale 0.07 0.07 0.001 
  Geo + Clim 0.23 0.29 0.001 
  Loc + Clim 0.23 0.28 0.001 
          
Trimorphodon 
biscutatus         
  Full 0.48 0.76 0.01 
  Current Clim 0.11 0.34 NS 
  Distance -0.04 0.01 NS 
  Location -0.002 0.01 NS 
  Geo + Locale -0.05 0.01 NS 
  Geo + Clim 0.1 0.37 NS 
  Loc + Clim 0.14 0.39 NS 
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Appendix 1.3: Fractions of genetic differentiation explained (adjusted R2) for each taxon 
by climate, geographic distance, and location with respect to a barrier. 
 
 
Arizona elegans
0.43 0.06
0.13
0.19
Residuals = 0.47
Values <0 not shown
Climate Distance
Locality
Masticophis !agellum
0.16 0.05
0.020.20
0.25
Residuals = 0.37
Values <0 not shown
Climate Distance
Locality
Crotalus atrox
0.11 0.04
0.06
0.11
Residuals = 0.72
Values <0 not shown
Climate Distance
Locality
Crotalus molossus
0.01 0.00
0.10
0.03
0.27
0.43
Residuals = 0.16
Values <0 not shown
Climate Distance
Locality
Crotalus scutulatus
0.37 0.18
0.14
0.20
Residuals = 0.36
Values <0 not shown
Climate Distance
Locality
Hypsiglena torquata
0.16 0.04
0.01
0.04
0.020.06
0.31
Residuals = 0.36
Climate Distance
Locality
Lampropeltis getula
0.08 0.01
0.00
0.13
0.01
Residuals = 0.78
Values <0 not shown
Climate Distance
Locality
Pituophis catenifer
0.28 0.01
0.01
0.07
0.010.06
Residuals = 0.65
Values <0 not shown
Climate Distance
Locality
Rhinocheilus lecontei
0.24 0.01
0.01
0.01
Residuals = 0.79
Values <0 not shown
Climate Distance
Locality
Salvadora hexalepis
0.63 0.000.30
0.000.02
0.02
Residuals = 0.03
Values <0 not shown
Climate Distance
Locality
Thamnophis marcianus
Residuals = 
Values <0 not shown
Climate Distance
Locality
Trimorphodon biscutatus
0.11 0.03
0.03
0.36
Residuals = 0.52
Values <0 not shown
Climate Distance
Locality
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Appendix 1.4: Test for selection results from estimated Tajima’s D values on 
synonymous vs. non-synonymous sites, as well as the overall Tajima’s D value with 
associated p-values. 
 
Taxon 
D 
synonymous 
sites p-value 
D non- 
synonymous 
sites p-value 
D for 
coding 
region 
p-
value 
Arizona elegans 1.67085 p>0.10 0.84393 p>0.10 1.50135 p>0.10 
Crotalus atrox 1.18708 p>0.10 -1.9561 p<0.05 0.04251 p>0.10 
Crotalus 
molossus 0.90399 p>0.10 0.87228 p>0.10 0.7626 p>0.10 
Crotalus 
scutulatus 0.54237 p>0.10 -2.18131 p<0.01 -0.08858 p>0.10 
Hypsiglena 
torquata 0.73728 p>0.10 -1.5571 0.10>p>0.05 0.35165 p>0.10 
Lampropeltis 
getula 0.41189 p>0.10 -1.7878 0.10>p>0.05 -0.24046 p>0.10 
Masticophis 
flagellum 1.50407 p>0.10 0.74707 p>0.10 1.35665 p>0.10 
Pituophis 
catenifer 0.56211 p>0.10 -0.56683 p>0.10 0.31411 p>0.10 
Rhinocheilus 
lecontei 0.95769 p>0.10 -0.51999 p>0.10 0.73282 p>0.10 
Salvadora 
hexalepis -0.54073 p>0.10 -0.29367 p>0.10 -0.52203 p>0.10 
Thamnophis 
marcianus -0.0526 p>0.10 0.06325 p>0.10 -0.0342 p>0.10 
Trimorphodon 
biscutatus -0.93746 p>0.10 -0.33415 p>0.10 -0.89053 p>0.10 
 
 
 
 141 
Appendix 1.5: Divergence times across the CFB (Cochise Filter Barrier) based on assigning individuals to populations using their 
sampling locality with respect to the Western Continental Divide and using BPP (see Chapter 1 Methods). For each column I used a 
different mutation rate for snakes from the literature. The Daza et al. (2011) rate is the rate used through the paper (1.34%/million 
years per lineage), however the other rates are as follows, Bryson et al. (2008) 1.63%/million years between lineages, Wuster et al. 
2002 1.4%/million years between lineages, Zamudio & Greene (1997) low 0.4%/million years between lineages and high 
1.32%/million years between lineages, and Burbrink et al. (2011) 1.94%/million years between lineages. Listed are the median 
divergence times and the 95% HPD in parentheses. Although a different rate will result in divergence times, all of which are older in 
this case, the overall the pattern of asynchronous divergence does not change and times range from the Pleistocene to the Miocene. 
Taxon 
Daza et al., 2011 Bryson et al., 2008 Wuster et al., 2002 Zamudio & 
Greene 1997 - 
Low 
Zamudio & Green 
1997 - High Burbrink et al., 
2011 
A. elegans 
1.01 myr (318 kyr 
– 1.86 myr) 
1.66 myr (523 kyr - 
3.05 myr) 
1.93 myr (609 kyr - 
3.55 myr) 
5.75 myr (1.81 myr 
– 10.6 myr) 
2.05 myr (645 kyr - 
3.77 myr) 
1.39 myr (438 kyr - 
2.56 myr) 
C. atrox 
828 kyr (368 kyr – 
1.42 myr) 
1.36 myr (605 kyr - 
2.34 myr) 
1.59 myr (704 kyr - 
2.72 myr) 
4.72 myr (2.10 myr 
- 8.10 myr) 
1.68 myr (747 kyr - 
2.88 myr) 
1.14 myr (507 kyr - 
1.96 myr) 
C. molossus 
1.21 myr (420 kyr 
– 2.01 myr) 
1.99 myr (691 kyr - 
3.30 myr) 
2.31 myr (804 kyr- 
3.85 myr) 
6.89 myr (2.40 myr 
- 11.5 myr) 
2.45 myr (853 kyr - 
4.08 myr) 
1.67 myr (579 kyr - 
2.77 myr) 
C. scutulatus 
2.09 myr (758 kyr 
– 4.06 myr) 
3.43 myr (1.25 myr 
- 6.68 myr) 
4.00 myr (1.45 myr 
- 7.78 myr) 
11.9 myr (4.32 myr 
– 23.2 myr) 
4.24 myr (1.54 myr 
- 8.25 myr) 
2.88 myr (1.04 myr 
- 5.60 myr) 
H. torquata 
3.58 myr (3.05 myr 
– 4.15 myr) 
5.89 myr (5.01 myr 
- 6.82 myr) 
6.86 myr (5.83 myr 
- 7.94 myr) 
20.4 myr (17.4 myr 
- 23.7 myr) 
7.27 myr (6.18 myr 
- 8.42 myr) 
4.94 myr (4.20 myr 
- 5.72 myr) 
L. geula 
768 kyr (323 kyr – 
1.27 myr) 
1.26 myr (531 kyr - 
2.08 myr) 
1.47 myr (619 kyr - 
2.42 myr) 
4.38 myr (1.84 myr 
- 7.22 myr) 
1.56 myr (656 kyr - 
2.57 myr) 
1.06 myr (445 kyr - 
1.74 myr) 
M. flagellum 
1.95 myr (891 kyr 
– 3.19 myr) 
3.20 myr (1.47 myr 
- 5.25 myr) 
3.73 myr (1.71 myr 
- 6.11 myr) 
11.1 myr (5.08 myr 
– 18.2 myr) 
3.95 myr (1.81 myr 
- 6.48 myr) 
2.68 myr (1.23 myr 
- 4.40 myr) 
P. catenfier 
821 kyr (367 kyr – 
1.43 myr) 
1.35 myr (604 kyr - 
2.35 myr) 
1.57 myr (703 kyr - 
2.73 myr) 
4.68 myr (2.09 myr 
- 8.14 myr) 
1.67 myr (745 kyr - 
2.90 myr) 
1.13 myr (506 kyr - 
1.97 myr) 
R. lecontei 
1.31 myr (562 kyr 
– 2.25 myr) 
2.15 myr (924 kyr - 
3.70 myr) 
2.51 myr (1.08 myr 
- 4.31 myr) 
7.46 myr (3.20 myr 
– 12.8 myr) 
2.66 myr (1.14 myr 
- 4.57 myr) 
1.80 myr (775 kyr - 
3.10 myr) 
S. hexalepis 
201 kyr (45.5 kyr – 
437 kyr) 
330 kyr (74.8 kyr – 
718 kyr) 
384 kyr (87.1 kyr – 
836 kyr) 
1.14 myr (260 kyr - 
2.49 myr) 
408 kyr (92.4 kyr – 
886 kyr) 
277 kyr (62.7 kyr- 
602 kyr) 
Th. marcianus 
698 kyr (206 kyr – 
1.38 myr) 
1.15 myr (339 kyr - 
2.27 myr) 
1.34 myr (394 kyr - 
2.65 myr) 
3.98 myr (1.17 myr 
- 7.88 myr) 
1.42 myr (418 kyr - 
2.81 myr) 
962 kyr (284 kyr - 
1.90 myr) 
Tr. biscutatus 
456 kyr (119 kyr – 
940 kyr) 
750 kyr (1.96 kyr - 
1.54 myr) 
873 kyr (229 kyr - 
1.80 myr) 
2.60 myr (681 kyr - 
5.36 myr) 
926 kyr (2.42 kyr - 
1.91 myr) 
628 kyr (165 kyr - 
1.30 myr) 
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Appendix 2.1: Input files for fsc25 for each taxon, including the search ranges for all 
parameters estimated from the best-supported demographic model. 
 
A. Arizona elegans:  
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  Ne_C       unif     500000  3000000   output 
1  TDIV_EC        unif     430000   2500000   output 
1  TDIV_W        unif     2500000   6000000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_C     unif     6000  410000   output 
1  Tau_W     unif     6000  410000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
0 Resize_C logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_C 
0 MIG2 = NM2/Ne_C 
0 MIG3 = NM3/Ne_W 
0 MIG4 = NM4/Ne_E 
 
B. Crotalus atrox 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
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0  NM2     logunif     0.01 5 output 
1  Tau_W     unif     1000  100000   output 
0 Resize_W logunif 0.015 1.0 output bounded 
0 Resize_E logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_W 
0 MIG2 = NM2/Ne_E 
 
C. Crotalus molossus 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  Ne_MX       unif     500000  3000000   output 
1  TDIV_EW        unif     1137000   4500000   output 
1  TDIV_MX        unif     4500000   8000000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_MX     unif     6000  1136173   output 
1  Tau_W     unif     6000  1136173   output 
0 Resize_E logunif 1.0 10 output bounded 
0 Resize_MX logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_MX 
0 MIG2 = NM2/Ne_W 
0 MIG3 = NM3/Ne_W 
0 MIG4 = NM4/Ne_E 
 
D. Crotalus scutulatus 
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// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV_EMX        unif     430000   2500000   output 
1  TDIV_W        unif     2500000   6000000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_MX     unif     6000  410000   output 
1  Tau_W     unif     6000  410000   output 
1  Tau_E     unif     6000  410000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
0 Resize_MX logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/1295472 
0 MIG2 = NM2/Ne_W 
0 MIG3 = NM3/Ne_E 
0 MIG4 = NM4/Ne_E 
 
E. Hypsiglena torquata 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_W     unif     1000  100000   output 
0 Resize_W logunif 0.015 1.0 output bounded 
0 Resize_E logunif 0.015 1.0 output bounded 
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0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_W 
0 MIG2 = NM2/Ne_E 
 
F. Lampropeltis getula 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_E     unif     1000  100000   output 
0 Resize_W logunif 0.015 1.0 output bounded 
0 Resize_E logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_E 
0 MIG2 = NM2/Ne_W 
 
G. Masticophis flagellum 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  Ne_C       unif     500000  3000000   output 
1  TDIV_EC        unif     430000   2500000   output 
1  TDIV_W        unif     2500000   6000000   output 
0  NM1     logunif     0.01 5 output 
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0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_E     unif     6000  410000   output 
1  Tau_W     unif     6000  410000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
0 Resize_C logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_W 
0 MIG2 = NM2/Ne_E 
0 MIG3 = NM3/Ne_C 
0 MIG4 = NM4/Ne_C 
 
H. Pituophis catenifer 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_E     unif     1000  100000   output 
1  Tau_W     unif     1000  100000   output 
0 Resize_W logunif 0.015 1.0 output bounded 
0 Resize_E logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/1572324 
0 MIG2 = NM2/Ne_W 
 
I. Rhinocheilus lecontei 
// Priors and rules file 
// ********************* 
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[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_C       unif     500000  3000000   output 
1  TDIV_EC        unif     430000   2500000   output 
1  TDIV_W        unif     2500000   6000000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_C     unif     6000  410000   output 
1  Tau_W     unif     6000  410000   output 
1  Tau_E     unif     6000  410000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
0 Resize_C logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/1633240 
0 MIG2 = NM2/Ne_W 
0 MIG3 = NM3/Ne_C 
0 MIG4 = NM4/Ne_C 
 
J. Salvadora hexalepis 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_E     unif     1000  100000   output 
1  Tau_W     unif     1000  100000   output 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
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[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_W 
0 MIG2 = NM2/Ne_E 
 
K. Sonora semiannulata 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_E     unif     1000  100000   output 
1  Tau_W     unif     1000  100000   output 
0 Resize_W logunif 1.0 10 output bounded 
0 Resize_E logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_W 
0 MIG2 = NM2/1220543 
 
L. Thamnophis marcianus 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV        unif     250000   2500000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
1  Tau_E     unif     1000  100000   output 
1  Tau_W     unif     1000  100000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
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0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/Ne_E 
0 MIG2 = NM2/Ne_W 
 
M. Trimorphodon biscutatus 
// Priors and rules file 
// ********************* 
 
[PARAMETERS] 
//#isInt? #name   #dist.#min  #max 
//all N are in number of haploid individuals 
1  Ne_W       unif     500000  3000000   output 
1  Ne_E       unif     500000  3000000   output 
1  TDIV_EW        unif     430000   2500000   output 
1  TDIV_Ba        unif     2500000   6000000   output 
0  NM1     logunif     0.01 5 output 
0  NM2     logunif     0.01 5 output 
0  NM3     logunif     0.01 5 output 
0  NM4     logunif     0.01 5 output 
1  Tau_Ba     unif     6000  410000   output 
1  Tau_W     unif     6000  410000   output 
1  Tau_E     unif     6000  410000   output 
0 Resize_E logunif 0.015 1.0 output bounded 
0 Resize_Ba logunif 0.015 1.0 output bounded 
0 Resize_W logunif 0.015 1.0 output bounded 
0  MURATE unif 1e-9 1e-10 output 
 
[RULES] 
 
[COMPLEX PARAMETERS] 
 
0 MIG1 = NM1/1263073 
0 MIG2 = NM2/Ne_E 
0 MIG3 = NM3/Ne_W 
0 MIG4 = NM4/Ne_W 
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Appendix 2.2: List of the 383 specimens used in Chapter 2, including the number of raw sequence reads per individual, collecting 
latitude and longitude, and population assignments from both sNMF and DAPC. Field series number abbreviations are as follows: 
BRY- Robert W. Bryson, CLC/RM - Christian L. Cox, DBS – Donald B. Shepard, EAM – Edward A. Myers, FTB – Frank T. 
Burbrink, GDC – Texas Natural History Collections-GDC, GAA/JRO/ROM – Royal Ontario Museum, JLE – Julio Lemos Espinal, 
MHP – Sternberg Museum of Natural History, MVZ – Museum of Vertebrate Zoology, TJL – Travis J LaDuc, UNR – University 
Nevada Reno, UTEP – University of Texas El Paso, WW – Wolfgang Wüster. 
 
Taxon 
Field 
Series/Reference Latitude Longitude 
sNMF 
Population 
Assignment 
DAPC 
Population 
Assignment 
Number of Raw 
Sequence Reads 
A. elegans FTB-A1 31.68603 -106.103525 East 6 3418967 
A. elegans DBS872 35.87393 -99.68023 East 4 1307530 
A. elegans EAM234 33.90985 -106.813 East 6 3216690 
A. elegans EAM288 32.45906 -107.54461 East 6 2510627 
A. elegans EAM295 31.80223 -108.36747 Central 1 3427213 
A. elegans EAM378 32.88828 -112.75004 West 2 1069787 
A. elegans EAM525 32.47803 -105.74318 East 4 2087018 
A. elegans EAM665 30.97939 -103.91983 East 4 5037489 
A. elegans EAM667 31.1095 -103.72626 East 4 2235294 
A. elegans EAM716 29.85744 -104.62104 East 4 4918678 
A. elegans EAM720 29.28184 -103.88898 East 4 2924940 
A. elegans EAM731 29.37098 -104.10146 East 4 3081402 
A. elegans EAM783 26.47191 -103.98524 Central 3 303271 
A. elegans EAM788 26.49029 -103.99586 Central 1 1108726 
A. elegans EAM790 26.4783 -103.98893 Central 1 1212880 
A. elegans EAM806 30.92492 -108.28782 Central 1 2182306 
A. elegans EAM807 30.87637 -108.26267 Central 1 3760904 
A. elegans EAM826 30.905796 -108.33169 Central 1 1756990 
A. elegans FTB01370 31.74875 -109.09245 East 6 3981114 
A. elegans FTB01854 32.6201 -109.57211 West 2 3089646 
A. elegans FTB01887 32.15895 -107.75114 East 6 3134715 
A. elegans FTB01895 32.15689 -107.81988 East 3 609737 
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A. elegans FTB01898 31.98304 -107.68478 East 3 515218 
A. elegans FTB01919 31.80235 -106.98016 East 3 299042 
A. elegans FTB01937 32.1501 -108.87915 East 6 3211850 
A. elegans GDC15342 30.233056 -104.186389 East 4 5171394 
A. elegans GDC25714 33.92105556 -116.6581667 West 2 3152871 
A. elegans GDC26055 27.663433 -98.837119 East 4 5841329 
A. elegans GDC26121 34.565753 -106.654634 East 6 3922684 
A. elegans GDC26153 31.822179 -103.077143 East 4 1543633 
A. elegans GDC27178 34.06291 -100.299355 East 4 2827004 
A. elegans GAA83_10 26.68 -103.75 Central 1 330256 
A. elegans MVZ230706 35.04666667 -118.32 West 3 377639 
A. elegans MVZ244264 33.76511667 -113.2332 West 3 417119 
A. elegans MVZ249121 33.05811 -116.42242 West 2 3194818 
A. elegans MVZ250628 36.10166667 -120.31 West 2 3724690 
A. elegans MVZ265234 34.63283 -115.67113 West 2 2605228 
A. elegans ROM14479 27.80114 -113.6402 West 5 1352118 
A. elegans ROM14481 27.38333333 -112.3166667 West 5 1851976 
A. elegans ROM14999 26.68 -103.75 Central 1 3714364 
A. elegans ROM15001 31.6861075 -113.2910156 West 2 2621181 
A. elegans ROM15004 31.6861075 -113.2910156 West 2 2272863 
A. elegans ROM15008 27.65 -109.94 West 2 3357417 
C. atrox EAM219 32.54704 -104.36566 East 1 2678542 
C. atrox EAM226 32.45967 -104.46053 East 1 1975622 
C. atrox EAM238 32.20581 -107.23689 East 1 2584955 
C. atrox EAM239 33.14111 -107.22771 East 1 1808123 
C. atrox EAM252 33.122802 -107.18367 East 1 1928651 
C. atrox EAM257 32.72319 -107.57705 East 1 1096193 
C. atrox EAM267 32.922388 -107.561932 East 1 1244622 
C. atrox EAM296 31.88971 -108.23407 East 1 1400224 
C. atrox EAM301 31.80963 -107.09972 East 1 1377501 
C. atrox EAM325 31.69156 -108.83569 East 1 1106454 
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C. atrox EAM337 32.22085 -108.95222 East 1 2114205 
C. atrox EAM342 31.88225 -109.06818 East 1 3363244 
C. atrox EAM364 31.41297 -111.02016 West 2 2099222 
C. atrox EAM371 31.59264 -111.31666 West 2 2342612 
C. atrox EAM405 32.407593 -112.872425 West 2 3032567 
C. atrox EAM409 32.73351 -112.83396 West 2 1215323 
C. atrox EAM438 32.93332 -113.53107 West 2 1883806 
C. atrox EAM441 32.98117 -113.42494 West 2 2585630 
C. atrox EAM447 33.72992 -113.68095 West 2 2004755 
C. atrox EAM450 33.94582 -114.01601 West 2 3233964 
C. atrox EAM456 33.0061 -111.06069 West 2 1462717 
C. atrox EAM469 32.63527 -111.00819 West 2 2346117 
C. atrox EAM472 32.87486 -111.25411 West 2 2492020 
C. atrox EAM475 32.94675 -111.32231 West 2 2837074 
C. atrox EAM478 32.89473 -111.27296 West 2 1601597 
C. atrox EAM522 32.4898 -105.80905 East 1 605543 
C. atrox EAM535 32.48978 -105.81274 East 1 1646466 
C. atrox EAM548 30.04056 -104.02601 East 1 4379955 
C. atrox EAM591 31.94125 -104.7096 East 1 3259487 
C. atrox EAM607 31.36603 -105.34933 East 1 3405803 
C. atrox EAM698 29.28185 -103.89159 East 1 304972 
C. atrox EAM752 30.37182 -102.34997 East 1 2667421 
C. atrox EAM779 26.62682983 -103.7756309 East 1 5212546 
C. atrox EAM817 30.89126 -108.24142 West 1 282751 
C. atrox EAM819 30.90323 -108.34888 East 1 3084828 
C. atrox EAM845 28.37289 -111.34601 West 2 33228 
C. atrox FTB1363 32.308473 -110.892519 West 2 3096179 
C. atrox FTB1855 32.56313 -109.73289 West 2 2431553 
C. atrox FTB1869 32.79868 -109.16482 West 2 1812433 
C. atrox FTB1943 31.48769 -109.43704 West 2 1885703 
C. atrox FTB1958 31.4559 -109.12543 West 2 1982782 
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C. atrox FTB1959 31.43909 -109.14385 West 2 826577 
C. atrox JLE15140 28.792 -102.9014167 East 1 4216436 
C. atrox JLE15141 28.6726111 -102.9073611 East 1 492478 
C. molossus EAM216 32.45494 -104.49464 East 3 2885117 
C. molossus EAM217 32.46017 -104.47079 East 3 1749775 
C. molossus EAM355 31.39212 -111.07545 West 1 815125 
C. molossus EAM367 31.3913 -111.11221 West 1 1616900 
C. molossus EAM368 31.46403 -111.24143 West 1 512798 
C. molossus EAM492 31.88149 -109.19188 West 1 1370955 
C. molossus EAM555 29.84422 -104.30259 East 3 3562722 
C. molossus EAM708 29.27114 -103.82746 East 3 1336996 
C. molossus EAM709 29.52371 -104.29396 East 3 1837039 
C. molossus EAM744 29.65058 -103.09208 East 3 1750469 
C. molossus FTB01856 32.5603 -109.74508 West 1 1724819 
C. molossus FTB01880 32.50536 -108.46429 West 1 2557446 
C. molossus GDC13724 30.533889 -104.195 East 3 4688873 
C. molossus GDC13975 30.477105 -104.744408 East 3 2049625 
C. molossus JLE15150 28.7065 -102.83875 East 3 1975226 
C. molossus ROM15277 31.32 -108.71 West 1 5554063 
C. molossus ROM15287 25.18 -103.72 Mexico 2 5079281 
C. molossus ROM18140 30.97469 -110.019437 West 1 1979093 
C. molossus ROM18141 18.3 -97.5 Mexico 2 3050922 
C. molossus ROM18142 18.3 -97.5 Mexico 2 4134264 
C. scutulauts EAM340 31.87072 -109.04863 West 1 3398900 
C. scutulauts EAM349 32.18608 -108.94856 West 1 3184784 
C. scutulauts EAM354 31.52505 -109.30045 West 1 861950 
C. scutulauts EAM399 32.71838 -112.84071 East 3 379622 
C. scutulauts EAM474 32.92418 -111.30084 West 1 3138159 
C. scutulauts EAM559 30.53485 -104.24738 East 3 1171222 
C. scutulauts EAM560 30.53224 -104.24417 East 3 4008735 
C. scutulauts EAM562 30.54766 -103.96569 East 3 3758838 
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C. scutulauts EAM571 30.552095 -103.953674 East 3 4628876 
C. scutulauts EAM586 31.79392 -105.55357 East 3 2027922 
C. scutulauts EAM595 31.53531 -104.84893 East 3 3349989 
C. scutulauts EAM596 31.40608 -104.84476 East 3 3304432 
C. scutulauts EAM600 31.75842 -105.3508 East 3 1874366 
C. scutulauts EAM617 31.53329 -104.84873 East 3 1981376 
C. scutulauts EAM618 31.53454 -104.84873 East 3 2492189 
C. scutulauts EAM633 30.54648 -103.9697 East 3 2417207 
C. scutulauts EAM637 30.33367 -104.12177 East 3 2514964 
C. scutulauts EAM640 30.07074 -104.02028 East 3 3857416 
C. scutulauts EAM719 29.584709 -104.372868 East 3 901685 
C. scutulauts EAM760 29.85078 -103.24086 East 3 3479950 
C. scutulauts EAM786 26.56921 -104.04127 East 3 1569037 
C. scutulauts GDC14062 30.581389 -104.630833 East 3 2302679 
C. scutulauts GAA 83_38 25.65143035 -102.1316528 East 3 4550889 
C. scutulauts GAA83_39 25.48667018 -102.1769714 East 3 738375 
C. scutulauts GAA83_42 23.68728938 -100.3765869 East 3 434250 
C. scutulauts GAA83_67 23.97621463 -100.0099182 Mexico 2 2990555 
C. scutulauts JLE15142 28.6913056 -102.8659167 East 3 1497320 
C. scutulauts MZV229838 34.8589 -115.63527 West 1 3369625 
C. scutulauts ROM15280 29.08 -105.59 East 3 2153521 
C. scutulauts ROM15285 25.88 -102.91 East 3 578195 
C. scutulauts ROM15329 25.87 -103.7 East 3 3080409 
C. scutulauts ROM18209 35.1940115 -114.0655517 West 1 1504721 
C. scutulauts ROM18213 18.3 -97.5 Mexico 2 2359812 
C. scutulauts ROM18215 18.3 -97.5 Mexico 2 2350391 
C. scutulauts TJL2241 29.872345 -103.340901 East 3 3529894 
C. scutulauts TJL2335 30.80293 -102.685023 East 3 741956 
H. torquata BYU 33204 26.9 -109.03 West 2 3551554 
H. torquata BYU 42373 27.08113703 -109.0805054 West 2 4397665 
H. torquata BYU 42832 28.13133881 -110.6913757 West 2 2772952 
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H. torquata CLC919 32.01989 -109.03613 East 1 3736062 
H. torquata EAM196 32.47083 -104.43976 East 1 4617198 
H. torquata EAM199 32.42759 -104.54283 East 1 2938347 
H. torquata EAM237 32.70849 -107.04053 East 1 3325507 
H. torquata EAM251 33.14434 -107.18662 East 1 3169448 
H. torquata EAM275 32.70041 -107.54534 East 1 3976606 
H. torquata EAM357 31.42079 -111.16328 West 2 3729441 
H. torquata EAM497 31.897 -109.21649 West 2 2130420 
H. torquata EAM499 32.02804 -109.0348 East 1 3036212 
H. torquata EAM503 32.20994 -108.95103 East 1 3043959 
H. torquata EAM620 31.15115 -104.82149 East 1 426786 
H. torquata EAM670 31.02344 -103.74283 East 1 2430673 
H. torquata EAM675 29.28569 -103.88216 East 1 4043995 
H. torquata EAM682 29.72619 -103.56636 East 1 3326457 
H. torquata EAM688 29.85306 -103.57709 East 1 3931061 
H. torquata EAM702 29.48602 -104.20491 East 1 5165231 
H. torquata EAM745 29.46151 -102.83579 East 1 1726817 
H. torquata EAM757 29.63061 -103.071 East 1 2558157 
H. torquata EAM775 20.92508 -99.75594 East 1 2077502 
H. torquata GDC13715 29.577706 -102.971593 East 1 2201740 
H. torquata GDC15354 30.581111 -104.492222 East 1 651721 
H. torquata GDC25928 31.150868 -101.12804 East 1 1895944 
H. torquata JRO694 28.17190173 -110.6886292 West 2 5702699 
H. torquata ROM15100 26.68 -103.75 East 1 1895593 
L. getula EAM242 33.79691 -106.89508 East 2 2629944 
L. getula EAM266 32.51683 -107.50004 East 2 1439188 
L. getula EAM316 31.772 -108.37975 East 2 1352310 
L. getula EAM343 31.87072 -109.04863 West 1 2051883 
L. getula EAM415 32.47234 -112.87644 West 1 2910052 
L. getula EAM445 33.88179 -113.9472 West 1 2666802 
L. getula EAM465 33.49892 -111.46296 West 1 2423907 
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L. getula EAM467 33.13507 -111.35892 West 1 702243 
L. getula EAM489 31.58609 -109.2481 West 1 2233513 
L. getula EAM510 31.79573 -109.05974 West 1 3782772 
L. getula EAM516 31.91748 -109.03584 West 1 1043472 
L. getula EAM526 31.81564 -109.04585 West 1 1652742 
L. getula EAM527 32.47995 -105.75111 East 2 2985646 
L. getula FTB1164 31.74866667 -111.0441667 West 1 1176748 
L. getula FTB1230 32.71133333 -109.0956667 West 1 2196203 
L. getula FTB1404 36.49389 -114.75484 West 1 956498 
L. getula FTB1433 33.01717 -116.91405 West 1 1452304 
L. getula FTB1444 28.81258 -114.11235 West 1 1074064 
L. getula FTB1461 32.445009 -111.304284 West 1 1353958 
L. getula FTB1529 30.53981 -103.99207 East 2 1227019 
L. getula FTB1547 34.65897 -106.73672 East 2 1172872 
L. getula FTB1554 34.62846 -106.73636 East 2 2835200 
L. getula FTB1555 34.62846 -106.73636 East 2 2843501 
L. getula FTB1631 24.482546 -105.18632 East 2 2586057 
L. getula FTB1661 31.883767 -109.107783 West 1 1724171 
L. getula FTB1662 31.691333 -109.135333 West 1 2053626 
L. getula FTB1663 31.943483 -108.882733 West 1 3145610 
L. getula FTB1853 32.73693 -109.71626 West 1 1873044 
L. getula FTB1858 32.60003 -109.88992 West 1 2424856 
L. getula FTB1900 31.82427 -107.65153 East 2 1756158 
L. getula FTB1915 32.53405 -106.9903 East 2 1681717 
L. getula FTB1916 32.49825 -106.93865 East 2 2422602 
L. getula FTB1920 31.77181 -108.37973 East 2 1751376 
L. getula FTB1944 31.4864 -109.34418 West 1 2471991 
L. getula FTB3029 32.129911 -108.940854 West 1 2111908 
M. flagellum EAM195 32.71121 -102.58082 East 1 3463791 
M. flagellum EAM203 32.1014 -104.07269 East 1 1837142 
M. flagellum EAM205 31.6463 -103.66731 East 1 1667699 
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M. flagellum EAM206 32.18395 -103.40491 East 1 1996071 
M. flagellum EAM221 32.95682 -104.38033 East 1 2736182 
M. flagellum EAM232 33.5808 -105.96581 Central 2 1159299 
M. flagellum EAM255 32.60183 -107.32455 Central 2 1685724 
M. flagellum EAM359 31.721565 -110.216797 West 3 2447564 
M. flagellum EAM416 33.059965 -112.254944 West 3 2253968 
M. flagellum EAM417 33.043203 -112.322021 West 3 1438616 
M. flagellum EAM451 33.91423 -114.02694 West 3 1548325 
M. flagellum EAM454 33.93536 -112.6926 West 3 2376906 
M. flagellum EAM460 32.93947 -110.73831 West 3 1991782 
M. flagellum EAM468 32.74914 -111.13174 West 3 1396569 
M. flagellum EAM507 31.65849 -109.1551 Central 2 1974174 
M. flagellum EAM534 32.797448 -106.134896 Central 2 2730261 
M. flagellum EAM668 31.00392 -103.75453 East 1 3766728 
M. flagellum EAM686 29.62278 -104.45898 East 1 1788171 
M. flagellum EAM781 26.68632 -103.74744 Central 2 5283565 
M. flagellum EAM785 26.41695 -103.95293 Central 2 715413 
M. flagellum EAM812 30.99186 -108.12477 Central 2 351836 
M. flagellum EAM813 31.2421 -107.84882 Central 2 941624 
M. flagellum EAM820 31.11248 -108.43674 Central 2 2246559 
M. flagellum EAM830 28.22075 -111.01542 West 3 2625442 
M. flagellum FTB1377 31.936722 -109.135809 Central 2 1330145 
M. flagellum FTB1549 34.65024 -106.81205 Central 2 1262812 
M. flagellum FTB1550 34.41957 -106.7651 Central 2 2627176 
M. flagellum FTB1897 32.04774 -107.70973 Central 2 1435021 
M. flagellum FTB1901 31.82276 -107.65617 Central 2 1859132 
M. flagellum JLE15010 28.6330278 -102.9513889 East 1 2945150 
P. catenifer BRY113 25.074723 -105.430155 East 2 1444858 
P. catenifer BRY325 30.2607 -108.041533 West 2 2723930 
P. catenifer BRY89 24.850625 -103.715874 West 2 2052281 
P. catenifer EAM208 32.31269 -104.08568 East 1 4387009 
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P. catenifer EAM286 32.53724 -107.48545 West 2 1514364 
P. catenifer EAM330 31.89932 -108.80664 West 2 3837286 
P. catenifer EAM434 32.84636 -113.54108 West 2 2417241 
P. catenifer EAM439 32.98635 -113.306 West 2 3375055 
P. catenifer EAM455 33.27657 -111.17661 West 2 2803557 
P. catenifer EAM461 33.45673 -111.48946 West 2 2200359 
P. catenifer EAM473 32.89353 -111.2717 West 2 2112093 
P. catenifer EAM550 29.82075 -104.3058 West 2 2590680 
P. catenifer EAM583 31.81842 -105.69514 West 2 148174 
P. catenifer EAM598 31.60685 -104.85684 West 2 3005368 
P. catenifer EAM625 30.6505 -103.83694 East 1 3910432 
P. catenifer EAM632 30.65005 -103.83843 East 1 3846703 
P. catenifer EAM762 30.14729 -103.23438 East 2 4450445 
P. catenifer EAM789 26.44621 -103.97039 West 2 3971133 
P. catenifer EAM792 26.4783 -103.98893 West 2 941770 
P. catenifer EAM800 26.68965 -103.74609 West 2 5177061 
P. catenifer EAM803 30.25534 -107.76547 West 2 3125990 
P. catenifer EAM804 30.928733 -108.296789 West 2 2640279 
P. catenifer EAM810 30.89763 -108.18177 West 2 2038778 
P. catenifer EAM811 31.17539 -107.90762 West 2 204088 
P. catenifer EAM829 30.29401 -108.044224 West 2 1131689 
P. catenifer FTB01166 32.33773333 -110.9733 West 2 894454 
P. catenifer FTB01369 31.834586 -109.097831 West 2 1841292 
P. catenifer FTB01541 34.57136 -106.74536 West 2 2350872 
P. catenifer FTB01828 32.20443 -108.95134 West 2 1363533 
P. catenifer FTB01851 32.73228 -109.71552 West 2 178211 
P. catenifer FTB01867 32.79868 -109.14375 West 2 2376056 
P. catenifer FTB01892 32.19764 -107.75119 West 2 2595633 
P. catenifer FTB01909 33.09188 -107.29742 West 2 2453552 
P. catenifer FTB01917 32.23159 -106.75976 West 2 177645 
P. catenifer FTB01918 32.06914 -106.68087 West 2 2615325 
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P. catenifer FTB01931 31.57341 -108.8735 West 2 3097851 
P. catenifer FTB03031 32.125747 -108.938857 West 2 2545983 
P. catenifer FTB03038 31.87091 -109.049407 West 2 2738541 
P. catenifer FTB03040 31.912784 -109.11942 West 2 2569730 
P. catenifer MVZ150218 30.5535 -104.4541 West 2 4088363 
P. catenifer FTB-PITC28 31.90718 -111.39051 West 2 2581088 
R. lecontei DBS785 35.87679 -99.69897 East 4 4403410 
R. lecontei DBS805 35.87393 -99.68023 East 4 2769253 
R. lecontei EAM194 32.7393 -100.5309 East 4 1613572 
R. lecontei EAM197 32.44499 -104.51438 East 4 3880073 
R. lecontei EAM210 32.94377 -103.16908 Central 2 344127 
R. lecontei EAM294 31.60356 -108.47922 Central 2 1800875 
R. lecontei EAM304 31.87185 -108.18935 Central 2 1409656 
R. lecontei EAM311 31.88966 -108.23375 Central 2 1030715 
R. lecontei EAM312 31.83502 -107.9025 Central 2 2652182 
R. lecontei EAM346 32.10353 -108.95686 Central 2 360249 
R. lecontei EAM352 31.81346 -109.04749 Central 2 3829469 
R. lecontei EAM372 31.54357 -111.30531 Central 2 3428653 
R. lecontei EAM418 33.07619 -112.16244 West 1 2284033 
R. lecontei EAM427 33.07888 -112.10612 West 1 2645526 
R. lecontei EAM446 33.78599 -113.814 West 1 2711577 
R. lecontei EAM449 33.76871 -113.63818 West 1 3551251 
R. lecontei EAM464 33.44577 -111.50562 West 1 4779036 
R. lecontei EAM476 32.95305 -111.32832 West 1 2731592 
R. lecontei EAM523 31.87335 -109.05347 Central 2 3252215 
R. lecontei EAM666 31.20188 -103.74292 Central 2 3124674 
R. lecontei EAM679 29.86597 -103.5774 Central 2 4312562 
R. lecontei EAM683 29.93729 -103.582 Central 2 3249849 
R. lecontei EAM689 29.89145 -103.58165 Central 2 1241443 
R. lecontei EAM711 29.79439 -104.57871 Central 2 3657526 
R. lecontei EAM728 29.54604 -104.34109 Central 2 503277 
  
160 
R. lecontei EAM730 29.50077 -104.23794 Central 2 3539247 
R. lecontei EAM756 29.52231 -102.90972 Central 2 2793652 
R. lecontei EAM784 26.47191 -103.98524 Central 5 2633922 
R. lecontei EAM787 26.5573 -104.04779 Central 5 2798522 
R. lecontei EAM791 26.4783 -103.98893 Central 5 2710331 
R. lecontei EAM809 30.81818 -108.59215 Central 2 3071262 
R. lecontei FTB01551 34.52345 -106.76427 Central 2 221037 
R. lecontei GDC26133 32.292365 -106.992794 Central 2 2967644 
R. lecontei GDC26144 32.299649 -102.620649 East 4 3881490 
R. lecontei JLE15143 28.7519444 -103.7350278 Central 2 5426004 
R. lecontei MHP9133 37.07362 -99.63202 East 4 3547898 
R. lecontei MVZ179991 38.94166667 -121.05 West 3 2263971 
R. lecontei MVZ229156 33.2130713 -116.3934042 West 1 2694044 
R. lecontei MVZ230542 37.6450139 -121.4900506 West 3 3018431 
R. lecontei MVZ265284 35.02708 -115.40032 West 2 552724 
Sal. hexalepis EAM283 32.68451 -107.52528 East 6 3314786 
Sal. hexalepis EAM320 31.90012 -108.25394 East 6 2989471 
Sal. hexalepis EAM365 31.38713 -111.06126 East 3 2599314 
Sal. hexalepis EAM699 29.3317 -104.04572 East 6 2132890 
Sal. hexalepis EAM825 30.8318 -108.478633 East 6 2248467 
Sal. hexalepis FTB01902 31.82225 -107.65767 East 6 2448343 
Sal. hexalepis FTB01933 31.62751 -108.85378 East 6 4802179 
Sal. hexalepis FTB01935 31.99886 -108.84039 East 6 3334242 
Sal. hexalepis FTB01936 31.9989 -108.84035 East 6 2772551 
Sal. hexalepis FTB01955 31.61507 -109.25768 East 5 2669675 
Sal. hexalepis FTB02948 31.34221 -109.36316 East 4 2621613 
Sal. hexalepis FTB2949 31.90393 -107.68317 East 6 1207638 
Sal. hexalepis GDC13962 30.589722 -104.614444 East 6 5000447 
Sal. hexalepis MVZ161437 27.133056 -112.1663889 West 2 3387302 
Sal. hexalepis MVZ233491 34.10738 -117.18508 West 1 581597 
So. 
semiannulata CLC075 34.927 -102.10606 East 1 3346199 
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So. 
semiannulata CLC150 30.977533 -103.709374 East 1 4203787 
So. 
semiannulata CLC183 31.02363 -101.001067 East 1 3046943 
So. 
semiannulata CLC213 29.74249 -101.21935 East 1 454654 
So. 
semiannulata CLC280 35.406983 -104.1909 East 1 2908390 
So. 
semiannulata CLC323 32.08144 -99.422899 East 1 4855063 
So. 
semiannulata CLC431 31.45999 -110.6524 West 2 2186881 
So. 
semiannulata MVZ237181 36.89144 -118.0728554 West 2 3343554 
So. 
semiannulata RM527 29.26287 -103.7781 West 3 3469897 
So. 
semiannulata UNR7648 36.40583 -114.56576 West 2 1917467 
So. 
semiannulata UTEP18436 30.456902 -100.272333 East 1 3999050 
So. 
semiannulata UTEP18437 30.456902 -100.272333 East 1 2922285 
So. 
semiannulata UTEP18554 31.86285 -106.44139 West 3 3583586 
Tha. marcianus CLC373 26.23384 -98.48489 East 2 4489590 
Tha. marcianus CLC536 26.89701 -98.13496 East 2 3739115 
Tha. marcianus EAM309 31.80257 -107.76637 West 1 4673795 
Tha. marcianus EAM328 31.97221 -108.60374 West 1 5601222 
Tha. marcianus EAM428 33.07826 -112.1017 West 1 2822813 
Tha. marcianus EAM673 30.52996 -103.8456 West 1 3330793 
Tha. marcianus EAM695 29.80505 -103.57609 West 1 2727126 
Tha. marcianus EAM697 29.55361 -104.35726 West 1 5032608 
Tha. marcianus EAM712 29.85673 -104.62057 West 1 3767602 
Tha. marcianus EAM738 30.20668 -103.57503 West 1 4308924 
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Tha. marcianus FTB3030 32.025613 -109.035753 West 1 2667672 
Tha. marcianus FTB3034 31.637069 -109.184304 West 1 3629688 
Tha. marcianus GDC13892 30.522357 -97.963373 East 2 4382525 
Tha. marcianus GDC13966 30.589722 -104.621111 West 1 3051130 
Tha. marcianus GDC14093 30.552222 -104.646667 West 1 1580796 
Tha. marcianus GDC16049 26.794853 -99.101448 West 1 1428883 
Tha. marcianus GDC27161 30.7472 -99.077 East 2 2356270 
Tha. marcianus JLE14957 28.6330278 -102.9513889 West 1 3020891 
Tha. marcianus JLE14958 28.6330278 -102.9513889 West 1 4331809 
Tha. marcianus JLE1503 28.6330278 -102.9513889 West 1 2747556 
Tha. marcianus JLE1504 28.6330278 -102.9513889 West 1 4812289 
Tha. marcianus JLE1505 28.6330278 -102.9513889 West 1 4067480 
Tha. marcianus MVZ244073 31.6341631 -111.0567386 West 1 3308164 
Tha. marcianus WW8 31.80043 -109.05646 West 1 5251306 
Tri. biscutatus EAM524 31.88149 -109.19188 East 1 2753437 
Tri. biscutatus GDC13722 29.425544 -103.508149 East 3 2419667 
Tri. biscutatus GDC13905 29.4562 -103.5153 East 3 2290144 
Tri. biscutatus GDC14058 30.547389 -104.678306 East 3 1019863 
Tri. biscutatus GDC26140 32.226452 -111.116013 West 1 1880338 
Tri. biscutatus JRO683 27.09947644 -109.1944885 West 1 1119889 
Tri. biscutatus MVZ232612 33.559 -110.943 West 1 2461849 
Tri. biscutatus MVZ232829 34.46 -113.03 West 1 1717194 
Tri. biscutatus MVZ233299 27.296061 -112.913827 Baja 2 2395776 
Tri. biscutatus MVZ246120 31.9649632 -111.601128 West 1 2022488 
Tri. biscutatus MVZ246122 33.218767 -116.4228145 Baja 2 1086360 
Tri. biscutatus MVZ249126 33.4472878 -117.1766718 Baja 2 3847759 
Tri. biscutatus ROM14897 27.02 -108.93 West 1 2253611 
Tri. biscutatus ROM14945 27.03 -108.92 West 1 1904788 
Tri. biscutatus ROM14959 23.22 -106.42 West 1 509109 
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Appendix 2.3: Cross entropy scores as a function of the number of ancestral populations 
from sNMF. The lowest cross entropy score best represents the number of K populations. 
Taxa are as follows: A. Arizona elegans, B. Crotalus atrox, C. Crotalus molossus, D. 
Crotalus scutulatus, E. Hypsiglena torquata, F. Lampropeltis getula, G. Masticophis 
flagellum, H. Pituophis catenifer, I. Rhinocheilus lecontei, J. Salvadora hexalepis, K. 
Sonora semiannulata, L. Thamnophis marcianus, and M. Trimorphodon biscutatus. 
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Appendix 2.4: Manhattan plots of SNPs and their association with climatic data. Red 
circles are those SNPs potentially under selection with respect to climatic. Locus number 
along the x-axis is arbitrary because the chromosome location is unknown. Taxa are as 
follows: A. Arizona elegans, B. Crotalus atrox, C. Crotalus molossus, D. Crotalus 
scutulatus, E. Hypsiglena torquata, F. Lampropeltis getula, G. Masticophis flagellum, H. 
Pituophis catenifer, I. Rhinocheilus lecontei, J. Salvadora hexalepis, K. Sonora 
semiannulata, L. Thamnophis marcianus, and M. Trimorphodon biscutatus. 
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Appendix 2.5: Parameter estimates from fsc25, parameters that were fixed in multi-population models, and generation time used to 
scale divergence times. 
 
Species 
Effective Population 
Size (Ne) 
Timing of 
Population Size 
Change (Tau; in 
generations) 
Magnitude of Population 
Size Change 
Generation 
Length 
Arizona_Central 
2086648 (990514 – 
2781958) 
651971 (221332 – 
666533) 
0.0580186042 (0.018878 
– 0.1992538) 3 yrs 
Arizona_East 
3208527 (1056042 – 
2870741) Fixed at 429197 
0.231212012 ( 0.118468 
– 0.2886637) 3 yrs 
Arizona_West 
2589211 (1603683 – 
3822451) 
1059948 (341661 – 
1113367) 
0.245613886 (0.1548824 
– 0.4042547) 3 yrs 
C_atrox_East 
2331387 (2107382 – 
2537884) Fixed at 248549 
0.0157322653 
(0.0156307 – 0.0227217) 3 yrs 
C_atrox_West 
1329134 (1167028 – 
1530185) 
141567 (127226 – 
156307) 
0.0156445598 
(0.0156344 – 0.0211158) 3 yrs 
C_flagellum_Central 
4527297 (2296935 – 
4582262) Fixed at 432480 
0.0157120198 
(0.0156385 – 0.0266302) 3 yrs 
C_flagellum_East 
4804635 (2684530 – 
5716908) 
984344 (372134 – 
1147355) 
0.16193995 (0.1043547 – 
0.2670581) 3 yrs 
C_flagellum_West 
4354392 (2582932 – 
4420652) 
1759720 (536049 – 
1670696) 
0.055809783 (0.0168355 
– 0.1918454) 3 yrs 
C_molossus_East 
1801089 (1119204 – 
2145877) Fixed at 1136173 
1.02298302 (1.0019866 – 
5.5111599) 3 yrs 
C_molossus_MX 
3924428 (3288867 – 
10820003) 
483263 (10752 – 
1972395) 
0.908146621 (0.0627269 
– 0.9977297) 3 yrs 
C_molossus_West 
4418717 (3172781 – 
5485335) 
1831663 (1302278 
– 2105486) 
0.0280866231 
(0.0170003 – 0.1000434) 3 yrs 
C_scutulatus_East 4924658 (1060526 – 423508 (93717 – 0.015730008 (0.0156399 3 yrs 
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4507972) 409070) – 0.0230453) 
C_scutulatus_MX Fixed at 1295472 
398915 (9545 – 
548236) 
0.104050355 (0.015826 – 
0.2420222) 3 yrs. 
C_scutulatus_West 
2692058 (509984 – 
3391357) 
256858 (47480 – 
382753) 
0.0948194769 
(0.0168332 – 0.1311525) 3 yrs 
Hypsiglena_East 
2862573 (2519309 – 
3046204) Fixed at 495854 
0.045320736 (0.0349542 
– 0.0531595) 1.5 yrs  
Hypsiglena_West 
2966519 (2382595 – 
6375733 ) 
345194 (146327 – 
425387) 
0.423675836 (0.2038481 
– 0.5317067) 1.5 yrs  
L_getula_east 
1750274 (949208 – 
1967511) 
278487 (149673 – 
309487) 
0.015691994 (0.0151587 
– 0.0223136) 2.5 yrs 
L_getula_West 
2944390 (1718353 – 
3360029) Fixed at 310560 
0.0156858271 
(0.0156334 – 0.4533345) 2.5 yrs 
P_catenifer_East Fixed at 1572324 
256252 (158392 – 
276913) 
0.0157658297 
(0.0156323 – 0.0182118) 2.5 yrs 
P_catenifer_West 
3914790 (2479283 – 
4126399) 
128769 (101906 – 
167957) 
0.0591000675 
(0.0158468 – 0.0547127) 2.5 yrs 
Rhinocheilus_Central 
5453083 (1193901 – 
5979725) 
641589 (139437 – 
712302) 
0.0326772477 
(0.0209758 – 0.0483122) 3yrs 
Rhinocheilus_East Fixed at 1633240 
1440045 (9350 – 
1537650) 
0.0252041093 
(0.0156821 – 0.1660041) 3yrs 
Rhinocheilus_West 
3361936 (683866 – 
3973799) 
1410319 (273094 – 
1503452) 
0.03755825 (0.0190534 – 
0.1783228) 3yrs 
Salvadora_East 
507493 (505140 – 
3440542) 
112351 (9811 – 
184180) Fixed at 0.0393 2 yrs 
Salvadora_West 
666685 (513480 – 
9867653) 
26648 (4788 – 
205927) 
0.959254492 (0.0256945 
– 0.9941494) 2 yrs 
Sonora_East Fixed at 1220543 
12163 (1366 – 
58067) 
0.622955262 (0.2199 – 
0.7953) 1.5 yrs 
Sonora_West 534838 (505113 – 115274 (96819 – 8.84255684 (1.1514 – 1.5 yrs 
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1724042) 366467) 7.665622) 
T_marcianus_East 
1053442 (913060 – 
14396370) 
50510 (42008 – 
63802) 
0.0407520343 
(0.0334726 – 0.0515683) 2 yrs 
T_marcianus_West 
519485 (505131 – 
591941) 
626177 (1400 – 
559979) Fixed at 0.0728 2 yrs 
Trimorphodon_East 
575977 (505253 – 
2386127) 
372760 (144229 – 
819773) 
0.428413723 (0.0764264 
– 0.9879248) 2 yrs 
Trimorphodon_lyr Fixed at 1263073 
456770 (8301 – 
726892) 
0.93180166 (0.0286644 – 
0.997929) 2 yrs 
Trimorphodon_West 
1756083 (1558718 – 
3975793) 
16375 (9688 – 
134022) 
0.111230922 (0.035 – 
0.2329211) 2 yrs 
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Appendix 3.1: List of all individuals used in Chapter 3 for collection of morphological data and 
in ENMs.  
 
Species 
AMNH 
Cat. # Sex SVL Tail Length 
Ventral 
Count GM Lat Long 
sNMF 
Assignment 
A. elegans 88403 M 63.5 9.8 205 Y 30.28 -107.95 Central 
A. elegans 70634 M 64.3 10.6 206 Y 28.67 -106.14 Central 
A. elegans 4344 M 65.5 10.4 205 Y 28.58 -106.12 Central 
A. elegans 68945 M 72.1 9.9 STUB 196 Y 26.80 -105.83 Central 
A. elegans 77278 M 62.6 8.2 208 Y 25.53 -103.31 Central 
A. elegans 77257 M 45.8 3.8 STUB 209 Y 25.54 -103.27 Central 
A. elegans 67337 M 59.4 11 206 Y 26.23 -102.79 Central 
A. elegans 117974 M 47.4 8.2 197 Y 22.89 -102.60 Central 
A. elegans 67338 M 58.6 11 213 Y 25.44 -101.27 Central 
A. elegans 63784 M 55.2 10.5 196 Y 31.86 -109.69 East 
A. elegans 99332 M 561 10.4 197 Y 31.57 -109.26 East 
A. elegans 131166 F 49.3 7.9 206 Y 31.69 -109.13 East 
A. elegans 87279 M 63.3 12.4 194 Y 31.91 -109.13 East 
A. elegans 80805 M 49.3 9.4 204 N 31.90 -109.10 East 
A. elegans 87275 M 53.5 8 195 Y 31.89 -109.08 East 
A. elegans 109419 M 56.8 11.6 194 Y 31.88 -109.06 East 
A. elegans 149979 M 50.3 10.4 190 Y 31.80 -109.05 East 
A. elegans 111154 F 78.1 11.5 202 Y 31.87 -109.05 East 
A. elegans 87280 M 58 11.4 195 Y 31.87 -109.05 East 
A. elegans 80806 M 63 12.4 203 Y 31.90 -109.04 East 
A. elegans 87285 M 56.4 11.2 191 Y 31.94 -109.04 East 
A. elegans 111172 M 65.5 11.5 205 Y 31.93 -109.04 East 
A. elegans 85040  57 12.3 194 Y 32.14 -108.88 East 
A. elegans 115715 M 44.8 9.5 191 Y 35.19 -106.50 East 
A. elegans 68407 M 57.3 10.5 200 Y 31.34 -106.48 East 
A. elegans 68410 F 42.8 9.4 199 Y 31.34 -106.48 East 
A. elegans 112209 M 81.6 13.6 216 Y 29.36 -103.29 East 
A. elegans 112210 F 64.1 11.8 218 N 29.33 -103.24 East 
A. elegans 112211 M 57.2 11.8 207 Y 29.33 -103.24 East 
A. elegans 117975 F 45.6 7.6 198 Y 21.96 -102.21 East 
A. elegans 158213 M 57.4 7.6 215 Y 27.84 -101.13 East 
A. elegans 158214 F 65 10.2 222 Y 26.77 -100.79 East 
A. elegans 85233 M 47 10.1 206 Y 26.71 -99.94 East 
A. elegans 72402 M 51.8 10 211 Y 27.41 -99.84 East 
A. elegans 158211 M 61 11.8 204 Y 25.89 -99.28 East 
A. elegans 158210 F 42 6.8 216 Y 25.93 -98.68 East 
A. elegans 9687 M 79.2 14.8 210 Y 29.42 -98.57 East 
A. elegans 7469 M 82.4 14 218 Y 29.42 -98.49 East 
A. elegans 77517 M 60.9 12.2 215 Y 27.26 -97.87 East 
A. elegans 117959 F 48.4 8.8 227 Y 27.00 -97.79 East 
A. elegans 38155 M 79.4 14 228 Y Texas  East 
C. atrox 73781 M 92.3 9.7 184 Y 30.56 -112.72 West 
C. atrox 70866 M 70.2 5.8 187 N 34.36 -112.67 West 
C. atrox 70867 M 68.3 6.4 188 Y 34.36 -112.67 West 
C. atrox 26043 M 77 5.8 183 Y 32.39 -110.95 West 
C. atrox 26067 M 92.2 8.2 182 Y 32.41 -110.94 West 
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C. atrox 69669 F 59.1 5.2 180 N 27.95 -110.74 West 
C. atrox 26046 M 86.6 6.4 186 Y 33.16 -110.48 West 
C. atrox 75473 M 126.4 11.2 179 Y 31.78 -109.81 West 
C. atrox 75158 F 66.5 6 179 Y 31.93 -109.38 West 
C. atrox 75258 M 106.4 9.2 176 Y 31.91 -109.14 West 
C. atrox 73562 F 68.8 4.5 179 N 31.91 -109.12 West 
C. atrox 123913 M 85.8 8.6 184 Y 31.94 -108.92 East 
C. atrox 77612 M 115.2 11 176 Y 31.72 -108.76 East 
C. atrox 81792 M 71.2 6.8 178 Y 31.71 -108.76 East 
C. atrox 99855 M 92.1 8.7 174 Y 31.85 -108.46 East 
C. atrox 81793 F 71.4 7.8 177 Y 31.87 -108.34 East 
C. atrox 138252 M 80 8 177 Y 29.96 -107.54 East 
C. atrox 85264 M 60.8 6.1 178 Y 27.59 -105.08 East 
C. atrox 68343 F 52 3.8 182 Y 25.18 -104.56 East 
C. atrox 172103 F 102 7.2 186 Y 33.13 -104.34 East 
C. atrox 172104 M 99.7 7.8 177 Y 33.13 -104.34 East 
C. atrox 172105 F 92.1 5.6 180 Y 33.13 -104.34 East 
C. atrox 172106 M 70.5 6.4 183 Y 33.13 -104.34 East 
C. atrox 67306 F 72.1 5 186 Y 26.23 -102.79 East 
C. atrox 150123 M 71.7 4 181 Y 28.70 -102.37 East 
C. atrox 150125 M 81.2 7.4 174 Y 26.83 -102.06 East 
C. atrox 88821 M 66.1 6.1 173 N 26.87 -101.95 East 
C. atrox 150124 F 67.4 6.2 181 Y 25.44 -101.26 East 
C. atrox 87998 M 65.8 6.2 175 Y 22.61 -100.56 East 
C. atrox 150121 F 127 9.3 183 Y 24.02 -98.28 East 
C. molossus 138246 M 96.3 7.6 185 N 30.30 -108.22 East 
C. molossus 68596 M 77.3 4.7 181 Y 29.25 -107.75 East 
C. molossus 127861 M 36.5 3.1 185 Y 35.11 -106.48 East 
C. molossus 61591 M 39.8 3.8 186 Y 33.51 -106.15 East 
C. molossus 68957 M 60.9 4.7 187 Y 26.80 -105.82 East 
C. molossus 70990 F 50 3.2 192 Y 31.89 -104.82 East 
C. molossus 112246 F 78.2 8.1 190 Y 29.27 -103.30 East 
C. molossus 67302 M 58.5 4.6 185 Y 26.23 -102.79 East 
C. molossus 67303 F 65 5 181 Y 26.23 -102.79 East 
C. molossus 67304 M 73.4 6 187 Y 26.23 -102.79 East 
C. molossus 67305 M 81 6.8 186 Y 26.23 -102.79 East 
C. molossus 172335 F 90.6 5.6 189 Y 30.15 -101.64 East 
C. molossus 172336 M 95 7.3 192 Y 30.15 -101.64 East 
C. molossus 172337 M 92.8 7.7 193 Y 30.13 -101.58 East 
C. molossus 172338 M 84.7 7.5 185 Y 30.13 -101.58 East 
C. molossus 172339 F 100.6 7.5 191 Y 30.14 -101.55 East 
C. molossus 172341 M 81.6 7 189 Y 29.88 -101.53 East 
C. molossus 172344 F 72.6 5.5 190 N 29.78 -101.40 East 
C. molossus 172340 M 64.1 5.7 184 Y 29.70 -101.36 East 
C. molossus 172345 F 83.8 6.6 195 N 30.01 -101.26 East 
C. molossus 68597 F 61.8 4.9 196 Y 34.00 -112.38 West 
C. molossus 121432 M 57.2 5.3 194 N 33.54 -112.02 West 
C. molossus 115627 M 93.4 9 184 N 32.22 -111.09 West 
C. molossus 26025 M 93.3 8.2 190 Y 32.39 -110.93 West 
C. molossus 26026 M 89.1 8.3 192 N 32.39 -110.93 West 
C. molossus 85050 M 88.6 7.8 184 Y 30.98 -110.58 West 
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C. molossus 70949 M 83 5.6 195 Y 31.49 -110.41 West 
C. molossus 67262 M 65.7 5.8 189 Y 31.01 -110.32 West 
C. molossus 64652 M 79 7.1 182 Y 31.41 -110.30 West 
C. molossus 85051 M 87.5 7.9 188 Y 31.75 -109.43 West 
C. molossus 85052 M 76 7 185 Y 31.75 -109.43 West 
C. molossus 70726 F 75.5 6.2 185 Y 33.12 -108.99 West 
C. molossus 111212 M 79 7.2 181 Y 32.12 -108.94 West 
C. molossus 81886 F 85.3 6.3 191 Y 31.42 -108.39 West 
C. scutulatus 63829 M 49 5 172 Y 34.16 -112.85 West 
C. scutulatus 26065 M 79.2 6 176 N 32.41 -110.95 West 
C. scutulatus 63508 F 49.5 3.5 178 Y 31.98 -110.87 West 
C. scutulatus 4068 F 81 6.1 173 Y 31.13 -110.55 West 
C. scutulatus 73594 M 66.3 5.4 176 Y 31.70 -109.73 West 
C. scutulatus 99329 M 63.2 6.1 173 Y 31.52 -109.31 West 
C. scutulatus 93669 M 60.2 5.5 177 Y 31.64 -109.18 West 
C. scutulatus 80841 M 58.6 6 173 Y 31.69 -109.13 West 
C. scutulatus 99322 M 52 4.2 174 Y 31.70 -109.12 West 
C. scutulatus 99326 M 78.4 6.6 176 Y 31.90 -109.10 West 
C. scutulatus 99328 M 73.7 6.2 177 Y 31.89 -109.09 West 
C. scutulatus 99325 M 43.8 3.4 190 Y 31.88 -109.07 West 
C. scutulatus 73742 M 64.3 5.4 185 Y 31.88 -109.06 West 
C. scutulatus 99324 M 69.2 5.3 180 Y 31.87 -109.05 West 
C. scutulatus 99321 M 61 5.4 180 Y 31.93 -109.01 West 
C. scutulatus 80167 F 59.8 4.5 180 Y 31.93 -108.99 West 
C. scutulatus 86003 F 56.3 4.2 172 Y 28.49 -106.19 East 
C. scutulatus 4120 M 86.1 7.5 174 Y 32.90 -105.97 East 
C. scutulatus 4121 F 69 4.5 183 Y 32.87 -105.93 East 
C. scutulatus 68205 F 67.5 4.4 173 Y 26.80 -105.81 East 
C. scutulatus 68958 M 67 6.8 165 Y 26.80 -105.81 East 
C. scutulatus 86004 F 40.8 3.4 175 Y 26.65 -105.55 East 
C. scutulatus 110398 M 41.4 4.5 175 Y 26.98 -105.41 East 
C. scutulatus 68321 M 59.6 5.2 169 Y 26.20 -105.11 East 
C. scutulatus 68345 M 64 6 167 Y 24.00 -104.78 East 
C. scutulatus 69936 M 59.2 5.2 172 Y 25.53 -103.61 East 
C. scutulatus 88819 M 60.8 5.5 115 Y 23.40 -102.96 East 
C. scutulatus 150147  24.7 2.2 167 N 26.07 -102.71 East 
C. scutulatus 150149 M 63.6 5.8 171 N 26.29 -102.67 East 
C. scutulatus 150144 F 79.8 6.9 164 N 23.03 -102.50 East 
C. scutulatus 70635 F 44.5 2.7 171 Y 22.74 -102.33 East 
C. scutulatus 98843 F 20.7 1.5 173 N 21.99 -102.21 East 
C. scutulatus 98840 M 48.4 4.8 168 Y 22.01 -102.20 East 
C. scutulatus 98852 F 69.4 5.5 176 Y 24.41 -101.38 East 
C. scutulatus 85266 M 52.5 4.5 162 N 25.45 -100.73 East 
C. scutulatus 150143 F 37.1 2.7 177 Y 24.81 -100.32 East 
C. scutulatus 27370 M 99 9.8 180 Y Arizona  West 
H. torquata 177721 F 22.5 3.5 174 Y 31.08 -104.75 East 
H. torquata 177716 F 39.1 6.2 180 Y 32.43 -104.54 East 
H. torquata 177717 F 19.7 3 174 Y 32.46 -104.46 East 
H. torquata 177715 F 36.1 6.8 164 Y 32.47 -104.44 East 
H. torquata 177724 F 27.3 5.2 169 Y 29.49 -104.20 East 
H. torquata 158693 F 27.8 5.1 177 Y 27.02 -102.09 East 
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H. torquata 177719 M 27.3 5.5 157 Y 32.17 -108.95 East 
H. torquata 177718 M 31.1 5.9 166 Y 33.13 -107.12 East 
H. torquata 177722 M 28.3 5.5 166 Y 31.15 -104.82 East 
H. torquata 112221 M 23.5 4.1 164 Y 29.56 -104.37 East 
H. torquata 177723 M 26.3 5.1 164 Y 30.81 -103.87 East 
H. torquata 158687 M 34.3 7.3 171 Y 26.29 -102.68 East 
H. torquata 158696 M 29.5 6.5 161 Y 25.25 -100.60 East 
H. torquata 169404 M 20.1 3.5 157 Y 27.64 -98.27 East 
H. torquata 63507  36.2 5.8 177 Y 31.45 -110.28 West 
H. torquata 73435  34.1 7.1 173 Y 31.51 -110.27 West 
H. torquata 126728  34.1 6.5 168 Y 31.91 -109.12 West 
H. torquata 84963  27.3 4.9 171 Y 31.89 -109.08 West 
H. torquata 120696  34.3 6.9 174 Y 31.86 -109.04 East 
H. torquata 102220  21.1 3.9 172 Y 26.92 -108.92 West 
H. torquata 138352  36.7 6 169 Y 31.23 -107.85 East 
H. torquata 158699  23.4 3.3 195 Y 32.24 -106.83 East 
H. torquata 158688  21.6 3.9 163 Y 26.39 -105.35 East 
H. torquata 112222  24.4 3.8 177 Y 29.56 -104.37 East 
H. torquata 117988  21.1 3.3 168 Y 22.02 -102.14 East 
H. torquata 169426  28.3 6.1 164 Y 29.67 -101.16 East 
H. torquata 169420  25.2 3.8 164 Y 29.64 -101.13 East 
H. torquata 169442  28.8 4.1 170 Y 28.03 -99.54 East 
H. torquata 169407  19.8 2.8 161 Y 27.15 -97.79 East 
L. getula 169470 F 93.5 14.3 221 Y 38.25 -122.84 West 
L. getula 110504 F 97.4 14 228  32.88 -117.12 West 
L. getula 158724 M 83.5 12 233  33.98 -117.05 West 
L. getula 44885 F 66.6 12.2 231 Y 32.71 -116.29 West 
L. getula 4195 F 58 9.8 199 Y 34.56 -111.85 West 
L. getula 4196 F 82.6 13.9 214  34.56 -111.85 West 
L. getula 86584 M 54.2 4.4 204 Y 26.06 -111.82 West 
L. getula 111182  78.6 12.2 216 Y 33.84 -111.30 West 
L. getula 62799 M 76.7 11.6 220 Y 32.55 -110.93 West 
L. getula 73434 M 80 13.4 225 Y 32.18 -110.91 West 
L. getula 62735 M 85.3 12.8 224 Y 32.26 -110.85 West 
L. getula 114527  98.4 13.8 224 N 33.12 -110.77 West 
L. getula 112422 M 103.2 16.5 219 Y 31.77 -110.68 West 
L. getula 112421 F 66.3 11.5 211 Y 31.71 -110.57 West 
L. getula 129214 M 84 15 213 Y 32.13 -109.91 West 
L. getula 126730 M 89 15.8 216 Y 32.24 -109.81 West 
L. getula 114033 F 53.4 9 220 Y 32.21 -109.78 West 
L. getula 126729 F 48 7.7 217 Y 32.21 -109.78 West 
L. getula 116229 M 85 16.3 217 Y 29.80 -109.68 West 
L. getula 114032 F 60.2 10.2 206 Y 32.19 -109.67 West 
L. getula 111158 M 65.1 9.8 218 Y 32.36 -109.65 West 
L. getula 95953 F 68.2 10.2 208 Y 32.83 -109.63 West 
L. getula 63615 F 44.2 8.6 220 Y 32.80 -109.63 West 
L. getula 100628 F 89.4 15.2 215 Y 30.78 -109.58 West 
L. getula 162148  49.2 9.6 217 Y 27.20 -109.32 West 
L. getula 111184 M 82.4 12.1 214 Y 31.63 -109.21 West 
L. getula 139980 M 85.1 13 212 Y 31.83 -109.05 West 
L. getula 111188 F 76.9 12.7 216 Y 31.82 -109.05 West 
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L. getula 123861 F 60.1 9.2 216 Y 31.82 -109.05 West 
L. getula 143043 F 84.7 11.6 215 Y 31.87 -109.05 West 
L. getula 80194 M 46.4 7.5 222 Y 31.87 -109.04 West 
L. getula 80811 M 71.1 11.4 220 Y 31.87 -109.04 West 
L. getula 80813 M 57.2 9.9 214 Y 31.92 -109.04 West 
L. getula 87294 M 43.2 7 218 Y 31.87 -109.04 West 
L. getula 111190 F 69.8 10.3 212 Y 31.91 -109.04 West 
L. getula 84995  41.2 5 219 N 31.91 -109.04 West 
L. getula 111186 M 69 10.6 217 Y 31.94 -108.95 West 
L. getula 111189 M 76 11.8 218 Y 31.94 -108.95 West 
L. getula 126731 F 47 7.3 208 N 31.94 -108.94 West 
L. getula 111185 M 84.6 13 226 Y 31.94 -108.92 West 
L. getula 99344 F 77.2 10.4 221 Y 31.94 -108.90 West 
L. getula 110502 F 78.9 13.5 215 N 31.94 -108.85 West 
L. getula 109435 M 60.3 10.9 214 Y 31.95 -108.83 West 
L. getula 84523 F 59.1 10.5 221 Y 31.93 -108.55 East 
L. getula 77451 F 41.4 7 191 N 31.92 -108.33 East 
L. getula 104693 F 82.1 12.4 215 N 31.92 -108.32 East 
L. getula 138348  32.7 5.8 216 Y 30.99 -108.08 East 
L. getula 138255 M 65.4 12.4 214 N 30.19 -107.66 East 
L. getula 138345 M 64 10.6 205 Y 30.11 -107.61 East 
L. getula 111191 M 69.3 10.8 216 Y 32.61 -107.29 East 
L. getula 85240 M 51.3 9.2 221 Y 29.54 -106.53 East 
L. getula 67731 M 55.2 10.2 202 Y 26.82 -105.80 East 
L. getula 138346 F 76.4 11 208 Y 26.69 -105.57 East 
L. getula 138371 M 64.5 10.4 199 N 24.85 -104.86 East 
L. getula 158759 F 72.4 11.4 215 N 24.34 -104.39 East 
L. getula 68392 M 81.4 12.8 204 N 23.57 -103.26 East 
L. getula 169519 F 83.8 12 226 Y 31.99 -103.13 East 
L. getula 162149 F 84.2 11 228 N 31.93 -101.85 East 
L. getula 158758 M 87 14.2 215 N 28.11 -101.13 East 
L. getula 158760 M 72.2 12.4 208 N 22.53 -100.66 East 
L. getula 169498 F 81 13.2 218 Y 29.01 -100.64 East 
L. getula 3752     Y 28.58 -106.12 East 
M. flagellum 114034 F 103.4 30.8 200  32.12 -109.76 Central 
M. flagellum 75128 M 107.6 36.2 201 Y 31.52 -109.54 Central 
M. flagellum 149978 M 82.4 30.7 202 Y 31.42 -109.29 Central 
M. flagellum 100630 F 95.7 35 196 Y 31.41 -109.50 Central 
M. flagellum 139224 F 94.3 33 198 Y 31.41 -109.50 Central 
M. flagellum 136381 F 86.3 30.4 203 Y 31.42 -109.49 Central 
M. flagellum 139223 M 96.9 33.7 200 Y 31.47 -109.45 Central 
M. flagellum 142215 M 97 33.9 193  31.45 -109.47 Central 
M. flagellum 102527 M 94.3 34.7 204 Y 31.48 -109.44 Central 
M. flagellum 142603 F 94.2 31.8 194 Y 31.46 -109.37 Central 
M. flagellum 139225 M 104.1 34.1-stub 198 Y 31.47 -109.39 Central 
M. flagellum 142216 M 101.8 30.2 203 Y 32.31 -109.40 Central 
M. flagellum 138221 F 64.3 23.4 197 Y 31.34 -109.34 Central 
M. flagellum 111195 M 102.4 30.3 203  32.83 -109.43 Central 
M. flagellum 143047 M 209.2 36.9 203  31.52 -109.30 Central 
M. flagellum 138218 M 101.2 33.1 200  31.50 -109.32 Central 
M. flagellum 142602 M 101.7 37.4 199 Y 31.53 -109.29 Central 
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M. flagellum 146739 M 125.9 40.5 197 Y 31.54 -109.29 Central 
M. flagellum 141027 F 96.9 36.8 202 Y 31.56 -109.27 Central 
M. flagellum 143046 F 93 34.7 195  31.61 -109.22 Central 
M. flagellum 162205 M 93.7 33.6 202 Y 32.01 -109.19 Central 
M. flagellum 141023 M 67 22.8 203  32.06 -109.18 Central 
M. flagellum 136147 F 80.4 27.1 197 Y 32.07 -109.18 Central 
M. flagellum 139232 M 88.2 25.8 201 Y 32.09 -109.24 Central 
M. flagellum 153359 F 82.1 26.3 204 Y 32.19 -109.18 Central 
M. flagellum 141022 F 84.8 26.5 197  32.16 -109.18 Central 
M. flagellum 139231 F 93.2 31.4 197 Y 32.12 -109.23 Central 
M. flagellum 87297 F 107.3 39.5-STUB 194  31.46 -109.36 Central 
M. flagellum 84989 M 98.5 21.8 201 Y 31.91 -109.12 Central 
M. flagellum 91623 M 94 30.2 196 Y 31.89 -109.12 Central 
M. flagellum 163021 F 105.2 32.1 198 Y 31.91 -109.09 Central 
M. flagellum 141021 M 55.8 19.5 200  31.75 -109.09 Central 
M. flagellum 130301 M 79.6 25.9 197 Y 31.88 -109.07 Central 
M. flagellum 141020 M 94.2 31.8 197 Y 31.59 -109.24 Central 
M. flagellum 153846 M 89.2 28.8 198 Y 31.86 -109.03 Central 
M. flagellum 80819 M 57.5 22 194 Y 31.84 -109.04 Central 
M. flagellum 146741 M 88.5 29 201  31.84 -109.02 Central 
M. flagellum 84990 M 115.5 32 197 Y 31.95 -109.03 Central 
M. flagellum 146742 M 92.6 29 205  31.94 -108.96 Central 
M. flagellum 77454 F 67 26.2 197 Y 32.98 -107.53 Central 
M. flagellum 87299 M 96.2 31.2 198 Y 32.50 -108.91 Central 
M. flagellum 87298 M 83.7 28.8 200 Y 32.55 -108.71 Central 
M. flagellum 77435 M 95.8 31.4 204 Y 31.59 -108.56 Central 
M. flagellum 79060 F 89.8 33.4 201 Y 31.46 -108.43 Central 
M. flagellum 80035 F 69.2 25.2 200 Y 31.31 -108.59 Central 
M. flagellum 138261 M 123.7 33.5 198  30.96 -108.20 Central 
M. flagellum 142599 F 97.1 32.2 205  32.04 -107.64 Central 
M. flagellum 141024 M 96.1 34 194  32.10 -106.23 Central 
M. flagellum 68331 M 61.7 22.4 196 Y 26.33 -105.39 Central 
M. flagellum 85241  98 33 193  26.11 -105.51 Central 
M. flagellum 82155 M 86.6 29.6 196  27.72 -105.17 Central 
M. flagellum 158843 F 98.1 32 196  24.66 -104.64 Central 
M. flagellum 68342 M 100.7 34.8 189 Y 24.77 -104.47 Central 
M. flagellum 97836 F 81.2 26.2 191  26.81 -104.42 Central 
M. flagellum 67329 M 75.7 26.8 194 Y 25.38 -103.70 Central 
M. flagellum 68338 M 50 16.2 200 Y 25.54 -103.54 Central 
M. flagellum 85244 M 62.9 25.5 187 N 21.28 -101.83 Central 
M. flagellum 85245 F 28.8 11.8 182  20.36 -101.19 Central 
M. flagellum 87601 M 123.5 36.8 195 Y 22.66 -100.03 Central 
M. flagellum 85242 M 30 10.2 192 Y 22.66 -99.90 Central 
M. flagellum 93425 M 91.5 32.6 198 N 23.37 -100.58 Central 
M. flagellum 158844 F 82.1 33.6 187  17.62 -99.53 Central 
M. flagellum 85243 M 65.6 18.2 198 N 22.40 -99.47 Central 
M. flagellum 158860 M 103.8 25.2 196 Y 34.56 -105.15 East 
M. flagellum 158842 M 68 23.1 190  29.46 -105.09 East 
M. flagellum 158877 M 105.4 34.9 195  30.91 -104.80 East 
M. flagellum 127665 M 99.2 35.2 196 Y 35.04 -104.68 East 
M. flagellum 158849 F 79.2 28.2 195 Y 33.51 -104.52 East 
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M. flagellum 126733 M 108.8 49.7 192  30.08 -104.46 East 
M. flagellum 108160 M 107.6 35.8 195  37.48 -104.18 East 
M. flagellum 112226 F 34.2 11.7 196 Y 29.32 -103.21 East 
M. flagellum 162203 F 105.6 28.8 192 Y 29.62 -103.23 East 
M. flagellum 112227 F 113.2 38.4 193 Y 30.44 -103.64 East 
M. flagellum 169677 M 104.1 35.4 197 Y 30.13 -102.38 East 
M. flagellum 169703 F 50.2 17 193  30.17 -101.56 East 
M. flagellum 169702 M 48.4 13.9 190  30.13 -101.58 East 
M. flagellum 169704 M 47 15.6 189 N 29.83 -101.57 East 
M. flagellum 158850 M 86 31.1 192  27.45 -101.21 East 
M. flagellum 108826 M 73.8 26 191 N 27.91 -101.18 East 
M. flagellum 169701 F 101 34.2 191 Y 31.42 -103.49 East 
M. flagellum 169700 F 102.9 38.4 192 Y 31.42 -103.49 East 
M. flagellum 86839 F 96.8 32 193  28.14 -101.12 East 
M. flagellum 87602 M 37.6 12.8 186 Y 25.28 -98.78 East 
M. flagellum 158876 M 105.2 37.7 204  28.05 -99.32 East 
M. flagellum 162202 F 47.2 16.1 190 Y 29.58 -98.31 East 
P. catenifer 57420 M 61 15 213 Y 37.91 -122.62 West 
P. catenifer 20563 M 108.5 20 223 Y 37.30 -120.48 West 
P. catenifer 64046 F 91.5 18.2 230 Y 34.45 -119.71 West 
P. catenifer 115607 M 88.4 18 230 Y 35.71 -118.77 West 
P. catenifer 9197 M 106.2 21.2 240 Y 34.41 -118.54 West 
P. catenifer 64355 M 97 20 220 Y 33.96 -118.34 West 
P. catenifer 64356 M 115.5 23.6 227 Y 33.96 -118.34 West 
P. catenifer 9045 M 54.8 12.5 223 Y 33.75 -118.34 West 
P. catenifer 9133 M 42.6 9 227 Y 34.25 -117.30 West 
P. catenifer 162288 F 96 12.2 236 Y 32.77 -117.16 West 
P. catenifer 159253 M 50.8 11.4 224 Y 34.28 -116.57 West 
P. catenifer 86586 M 43 11.2 234 Y 32.28 -116.53 West 
P. catenifer 60518 M 55 10.6 240 Y 33.72 -116.34 West 
P. catenifer 60521 M 40.2 7.2 245 Y 33.69 -116.22 West 
P. catenifer 130298 M 117.6 19 239 Y 35.06 -115.67 West 
P. catenifer 75591 M 93.8 15 253 N 29.39 -114.39 West 
P. catenifer 114532 M 65 13.6 226 Y 35.24 -112.67 West 
P. catenifer 103842 M 85.4 15.8 238 Y 36.98 -112.53 West 
P. catenifer 159250 M 112 19.5 235 Y 34.41 -112.07 West 
P. catenifer 159249 M 57.5 8.2 241 Y 33.83 -111.95 West 
P. catenifer 129556 M 77.4 14.8 237 Y 33.49 -111.86 West 
P. catenifer 32570 M 82.6 15 245 Y 36.12 -111.23 West 
P. catenifer 63993 M 93.2 15.8 239 Y 32.14 -111.15 West 
P. catenifer 81969 M 70 14.2 228 Y 32.69 -111.06 West 
P. catenifer 159242 M 102.6 18 227 Y 27.98 -110.97 West 
P. catenifer 73433 M 85.6 16 233 Y 31.55 -110.35 West 
P. catenifer 15082 M 91.8 17 227 Y 31.86 -110.28 West 
P. catenifer 67582 F 92.2 19 231 Y 35.50 -110.08 West 
P. catenifer 159251 M 79 15 236 Y 35.79 -109.69 West 
P. catenifer 63992 M 80.8 15 224 Y 31.48 -109.63 West 
P. catenifer 123864 M 84.4 16.2 224 Y 31.94 -109.14 West 
P. catenifer 114036 M 86.4 14.8 227 Y 31.92 -109.13 West 
P. catenifer 123865 M 61 11 233 Y 31.91 -109.11 West 
P. catenifer 138265 F 62.4 10 235 Y 30.28 -107.78 West 
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P. catenifer 162287 F 54.5 8.5 233 Y 32.17 -107.75 West 
P. catenifer 114534 M 75 14.2 243 Y 40.51 -107.55 West 
P. catenifer 3540 M 103.4 18.2 221 Y 32.70 -106.12 West 
P. catenifer 3542 M 69 11.2 233 Y 32.83 -106.08 West 
P. catenifer 3539 M 120 11.0-STUB 231 Y 32.96 -105.79 West 
P. catenifer 101373 M 225 18 223 Y 25.74 -104.86 East 
P. catenifer 99152 M 96.2 16 221 Y 25.85 -104.82 East 
P. catenifer 107097 M 71.8 12.2 221 Y 36.36 -104.58 East 
P. catenifer 170115 
NO 
TAIL 70.6 - 232 Y 30.63 -104.02 East 
P. catenifer 138264 F 101.8 15 229 Y 24.64 -103.54 East 
P. catenifer 170095 M 41 6.2 226 Y 30.32 -103.46 East 
P. catenifer 118010 M 115.8 20.2 219 Y 24.22 -103.02 East 
P. catenifer 170097 M 45 6.5 232 Y 35.27 -101.62 East 
P. catenifer 170168 M 55.2 8.3 222 Y 30.07 -101.57 East 
P. catenifer 170169 M 55.5 7.2 225 Y 30.13 -101.57 East 
P. catenifer 170167 M 58 7.6 236 Y 30.12 -101.57 East 
P. catenifer 159243 M 100.8 14.4 226 Y 27.28 -101.42 East 
P. catenifer 159244 F 119.6 18 232 N 27.85 -101.14 East 
P. catenifer 159247 F 98.2 13.4 231 Y 25.56 -100.97 East 
P. catenifer 159246 M 95.2 14.4 228 Y 25.45 -100.90 East 
P. catenifer 170159 M 63.5 9.8 226 Y 27.97 -98.61 East 
P. catenifer 170102 F 40.8 6.2 222 Y 27.50 -98.41 East 
P. catenifer 170131 M 60.4 8.2 231 Y 27.43 -97.91 East 
P. catenifer 170134 M 68.7 10.2 234 Y 27.46 -97.73 East 
P. catenifer 170088 M 59 10.2 220 Y 26.32 -97.58 East 
R. lecontei 70920 M 47.4 10.8 194 Y 31.47 -110.26 Central 
R. lecontei 99362 M 65.1 12.6 188 Y 31.47 -109.45 Central 
R. lecontei 85003 M 62 10.4 192 Y 31.48 -109.44 Central 
R. lecontei 85001 M 62.6 11.9 192 Y 31.55 -109.27 Central 
R. lecontei 99360 M 70.4 12 192 Y 31.65 -109.16 Central 
R. lecontei 111200 M 69 11.6 200 Y 31.91 -109.13 Central 
R. lecontei 80822 M 55.8 11 194 Y 31.91 -109.12 Central 
R. lecontei 80826 M 46.6 9.2 197 Y 31.75 -109.09 Central 
R. lecontei 111161 M 53 9.2 201 Y 31.88 -109.07 Central 
R. lecontei 80824 M 54.5 9.2 191 Y 31.79 -109.06 Central 
R. lecontei 87307 M 62.8 12.1 193 Y 31.87 -109.04 Central 
R. lecontei 111202 F 48.2 7.4 189 Y 31.87 -109.03 Central 
R. lecontei 64244 M 61 10.2 210 Y 27.03 -108.94 Central 
R. lecontei 138262 M 59.6 10.6 196 ? 30.19 -107.66 Central 
R. lecontei 85256 M 39 7.5 194 Y 30.21 -106.43 Central 
R. lecontei 85255 M 56.4 10.8 192 Y 29.56 -106.38 Central 
R. lecontei 85254 M 39.2 5.7 STUB 195 Y 29.96 -106.38 Central 
R. lecontei 85253 M 43.2 7.7 196 N 28.60 -106.14 Central 
R. lecontei 3767 M 49.5 8.6 201 Y 22.76 -105.65 Central 
R. lecontei 3772  47.3 8.4 198 Y 22.76 -105.65 Central 
R. lecontei 160218 M 64.4 10.8 189 Y 26.97 -105.49 Central 
R. lecontei 160224 M 46.7 9.2 194 Y 25.81 -104.44 Central 
R. lecontei 82153 F 54.4 9.2 196 N 25.66 -103.49 Central 
R. lecontei 112232 F 43.6 8 199 Y 29.36 -103.18 Central 
R. lecontei 118017 M 54.5 8.6 194 Y 23.94 -103.18 Central 
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R. lecontei 118016 F 24.7 3.4 193 Y 23.91 -103.15 Central 
R. lecontei 77254 M 50.5 10 202 Y 25.54 -103.14 Central 
R. lecontei 160221 F 50.8 10.1 191 Y 25.88 -103.13 Central 
R. lecontei 160223 M 61.6 11.3 192 Y 25.67 -102.46 Central 
R. lecontei 118014 F 28.4 3.9 187 Y 22.18 -101.09 Central 
R. lecontei 64242 M 51.2 8.5 209 Y 27.03 -108.94 East 
R. lecontei 90751 M 64.2 10.6 204 Y 24.35 -107.36 East 
R. lecontei 3765 M 56.5 8.6 203 Y 22.76 -105.65 East 
R. lecontei 109444 M 61.2 13 196 Y 33.42 -104.06 East 
R. lecontei 75808 M 45.6 8.5 193 Y 30.98 -103.75 East 
R. lecontei 170246 M 66.8 12.7 200 Y 31.79 -103.07 East 
R. lecontei 160220 M 62.6 11.2 190 Y 27.01 -101.88 East 
R. lecontei 170244 M 74 11.4 203 Y 29.69 -101.18 East 
R. lecontei 74553 M 70.2 11.8 199 Y 25.87 -100.23 East 
R. lecontei 77201 M 50.8 10.1 199 Y 25.92 -100.16 East 
R. lecontei 160228 M 40.4 7 204 Y 25.10 -99.80 East 
R. lecontei 170217 F 62.6 11.6 203 Y 28.22 -99.61 East 
R. lecontei 107297 F 40.8 6.1 189 Y 24.60 -99.54 East 
R. lecontei 170248 M 65.2 12.5 200 Y 27.98 -99.53 East 
R. lecontei 160227 M 45.6 8 206 Y 25.52 -99.28 East 
R. lecontei 160229 F 48 7.8 200 Y 25.58 -99.25 East 
R. lecontei 170256 M 467 8.2 202 Y 26.95 -99.21 East 
R. lecontei 72404 M 54.8 10.6 202 N 26.38 -99.13 East 
R. lecontei 170255 F 37.4 5.8 200 Y 27.00 -99.11 East 
R. lecontei 107295 M 48.8 8.8 186 Y 23.86 -99.05 East 
R. lecontei 170226 M 53 9.4 201 Y 27.93 -98.79 East 
R. lecontei 74552 M 60 10.2 198 Y 29.40 -98.49 East 
R. lecontei 126478 M 53 5.2 200 N 27.47 -97.85 East 
S. hexalepis 9225 M 55.4 16.4 196 Y 34.11 -118.20 West 
S. hexalepis 68501 M 54.3 17.4 195 Y 38.01 -118.14 West 
S. hexalepis 68180 M 50.5 15.8 200 Y 35.32 -117.95 West 
S. hexalepis 68502 M 50.8 15.8 205 Y 34.47 -117.86 West 
S. hexalepis 122731 M 63.8 20.8 191 Y 33.83 -117.84 West 
S. hexalepis 9373 M 67 21.2 191 Y 33.86 -117.82 West 
S. hexalepis 97290 M 56 18.2 198 Y 34.45 -117.81 West 
S. hexalepis 66281 M 41.2 12.8 199 Y 35.29 -117.78 West 
S. hexalepis 66282 M 50.4 16.8 201 Y 35.29 -117.78 West 
S. hexalepis 66172 M 47.2 15.2 200 Y 35.69 -117.38 West 
S. hexalepis 77581 M 63.6 19.8 200 Y 34.89 -117.02 West 
S. hexalepis 162341 M 57.2 18.2 191 Y 32.72 -116.77 West 
S. hexalepis 75122 M 51 16 183 N 33.97 -116.32 West 
S. hexalepis 68607 F 57.2 20.2 202 Y 35.97 -116.18 West 
S. hexalepis 20655 M 68.2 21.4 193 N 34.88 -116.07 West 
S. hexalepis 69890 M 70.2 20 198 N 34.13 -115.91 West 
S. hexalepis 115612 M 46.6 15 197 Y 36.26 -115.87 West 
S. hexalepis 130299 M 62.8 20.5 201 Y 34.82 -115.61 West 
S. hexalepis 9681 M 53.6 17 186 Y 36.19 -115.35 West 
S. hexalepis 74723 M 50.6 15 200 Y 30.57 -113.00 East 
S. hexalepis 68471 M 44 13.2 205 Y 33.98 -112.36 East 
S. hexalepis 162342 M 55 15.8 188 Y 34.76 -112.06 East 
S. hexalepis 160235 F 24.6 6.8 180 Y 34.67 -111.97 East 
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S. hexalepis 66283 M 54.8 17.2 195 Y 33.28 -111.16 East 
S. hexalepis 70702 F 37.5 12.5 184 Y 31.39 -111.09 East 
S. hexalepis 75894 M 56.2 16.4 201 Y 27.96 -110.94 East 
S. hexalepis 64150 M 69.8 22 201 Y 27.97 -110.93 East 
S. hexalepis 68470 M 51.5 16.8 193 Y 32.17 -110.91 East 
S. hexalepis 87610 M 54.8 20.2 196 N 24.09 -110.65 West 
S. hexalepis 128236 M 53 15  Y 33.59 -110.64 East 
S. hexalepis 63569 M 56.2 16 189 N 33.65 -110.57 East 
S. hexalepis 15070 M 54 17.3 188 Y 31.39 -110.24 East 
S. hexalepis 65544 M 72.8 26.5 198 N 22.90 -109.90 West 
S. hexalepis 63482 M 42 11.4 192 Y 32.36 -109.61 East 
S. hexalepis 75514 M 51.2 13.2 190 Y 31.49 -109.42 East 
S. hexalepis 143042 M 54.8 16 186 Y 31.96 -109.21 East 
S. hexalepis 146740 M 50.4 14.4 188 Y 31.96 -109.21 East 
S. hexalepis 136139 M 62 16.8 184 Y 31.98 -109.20 East 
S. hexalepis 136376 F 53.5 13.7 190 Y 31.93 -109.19 East 
S. hexalepis 149977 M 62 16 177 Y 32.00 -109.18 East 
S. hexalepis 143041 M 62.5 14.2 188 Y 31.92 -109.16 East 
S. hexalepis 75160 M 59.8 16.6 191 Y 31.90 -109.16 East 
S. hexalepis 94854 M 40.8 11.2 192 Y 31.92 -109.15 East 
S. hexalepis 94872 M 50.6 13.8 189 Y 31.91 -109.15 East 
S. hexalepis 111163 M 63.2 17.3 188 Y 31.91 -109.14 East 
S. hexalepis 111164 M 49.4 15 190 Y 31.91 -109.14 East 
S. hexalepis 103124 M 61.1 17.2 194 Y 31.92 -109.13 East 
S. hexalepis 139233 M 39.3 10 189 Y 31.91 -109.12 East 
S. hexalepis 107360 M 57.2 16 189 Y 32.06 -109.04 East 
S. hexalepis 139235 M 51.5 12.4 191 Y 31.83 -109.03 East 
S. hexalepis 138591 F 56.8 14 194 Y 32.27 -108.98 East 
S. hexalepis 64151  46.2 14.6 194 Y 27.03 -108.94 East 
S. hexalepis 99348 F 43.4 11.5 198 Y 31.86 -108.93 East 
S. hexalepis 87329 M 50.4 15 182 N 31.82 -108.48 East 
S. hexalepis 86936 F 48 13.8 187 Y 31.86 -108.46 East 
S. hexalepis 77443 F 44.6 14 192 Y 31.45 -108.36 East 
S. hexalepis 160234 M 80.2 23.7 191 Y 25.49 -108.27 East 
S. hexalepis 138368 M 32.4 10 187 Y 30.17 -107.62 East 
S. hexalepis 68954 M 35.4 10.1 188 Y 26.95 -106.35 East 
S. hexalepis 68435 M 36 11.2 193 Y 28.83 -106.19 East 
S. hexalepis 68436 M 48.2 14.2 187 Y 28.79 -106.17 East 
S. hexalepis 68437 M 60.6 16.7 192 Y 28.74 -106.16 East 
S. hexalepis 170259 M 76.4 21 190 Y 29.45 -104.19 East 
S. hexalepis 89506 M 44.8 14.2 188 Y 29.33 -103.21 East 
S. hexalepis 112233 M 53 16.2 190 Y 29.33 -103.21 East 
S. hexalepis 160236 F 57.8 16.4 194 Y 29.69 -103.16 East 
S. hexalepis 162336 M 60 17 190 Y 29.43 -103.14 East 
So. 
semiannulata 94164  12.1 1.7 144 Y 27.37 -112.92 West 
So. 
semiannulata 62048  16.1 3.9 166 Y 33.97 -112.81 West 
So. 
semiannulata 160261  22.8 4.8 160 Y 34.76 -112.06 West 
So. 
semiannulata 135263  30.1 1 - stub 157 Y 33.43 -111.95 West 
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So. 
semiannulata 97176  9.7 2 148 Y 26.27 -111.85 West 
So. 
semiannulata 87611  25 5.3 161 Y 24.01 -110.37 West 
So. 
semiannulata 102530  23.7 4.8 162 Y 32.00 -110.14 West 
So. 
semiannulata 74727  19.9 4.9 156 Y 31.86 -108.46 West 
So. 
semiannulata 177753 M 21.5 5.7 151 Y 31.84 -107.92 West 
So. 
semiannulata 73709  23.5 7 155 Y 31.57 -107.90 West 
So. 
semiannulata 177752  22 5.1 159 Y 31.80 -107.77 West 
So. 
semiannulata 28657  25.5 6.7 151 Y 31.77 -106.47 West 
So. 
semiannulata 68395 M 25.8 7.6 150 Y 35.59 -105.28 East 
So. 
semiannulata 177756 M 17.1 5.2 137 Y 29.81 -104.32 West 
So. 
semiannulata 177755  19.1 5.5 160 Y 29.39 -104.14 West 
So. 
semiannulata 177754  26.7 6.2 165 Y 29.33 -103.57 West 
So. 
semiannulata 65432  19.4 4.6 152 Y 30.71 -101.20 East 
So. 
semiannulata 170522  24.3 5.5 148 Y 29.69 -101.18 East 
So. 
semiannulata 160252 M 19.8 6 132 Y 26.22 -100.68 East 
So. 
semiannulata 160260  25.8 5.5 158 Y 25.98 -100.45 East 
So. 
semiannulata 160257  21.5 4.8 153 Y 25.75 -100.29 East 
So. 
semiannulata 170318  19.6 4.8 139 Y 29.77 -99.56 East 
So. 
semiannulata 79146  20.2 3.9 154 Y 32.74 -99.31 East 
So. 
semiannulata 79147  22.1 4.6 150 Y 32.74 -99.31 East 
So. 
semiannulata 170365  18.1 4.6 134 Y 29.92 -99.20 East 
So. 
semiannulata 66087  24.9 4.5 157 Y 31.73 -98.98 East 
So. 
semiannulata 46385 M 18.6 4.8 139 Y 32.81 -98.31 East 
So. 
semiannulata 170349 M 21.1 5.1 135 Y 29.87 -98.25 East 
So. 
semiannulata 170362  21.1 5.8 133 Y 27.61 -98.25 East 
So. 
semiannulata 79901 M 17.9 4.8 138 Y 27.54 -98.00 East 
So. 
semiannulata 170518  20.7 5.3 135 Y 27.89 -97.62 East 
So. 19410  25.3 4.4 155 Y 34.17 -97.15 East 
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semiannulata 
So. 
semiannulata 122751  14.8 3.1 154 Y 36.84 -96.80 East 
So. 
semiannulata 63457  19.7 4.9 148 Y 36.74 -95.95 East 
Th. 
marcianus 115621  27.4 7.3 157 Y 31.52 -109.65 West 
Th. 
marcianus 160386 M 19.3 5.8 155 Y 25.63 -100.96 West 
Th. 
marcianus 160391  37.9 11.6 148 Y 25.82 -99.30 West 
Th. 
marcianus 160395  41 11.7 146 Y 25.62 -100.02 West 
Th. 
marcianus 160398  21.3 6.8 156 Y 33.34 -104.33 West 
Th. 
marcianus 162421  63.4 3.9 - stub 151 Y 31.50 -106.16 West 
Th. 
marcianus 171112  40.1 10 155 Y 30.15 -103.29 West 
Th. 
marcianus 171113  35.9 10.8 147 Y 26.74 -98.10 East 
Th. 
marcianus 171127 M 46.1 13.7 150 Y 26.68 -98.12 East 
Th. 
marcianus 171147 M 37.4 11 148 Y 27.89 -98.62 East 
Th. 
marcianus 171149  42.5 12 142 Y 27.46 -98.50 East 
Th. 
marcianus 171169  38 10.9 138 Y 27.14 -97.79 East 
Th. 
marcianus 171246  53.6 13.3 147 Y 27.26 -97.87 East 
Th. 
marcianus 171260 M 43.8 13 147 Y 27.28 -97.80 East 
Th. 
marcianus 171317  38.6 10.7 145 Y 26.98 -99.36 West 
Th. 
marcianus 171318 M 41.4 12 148 Y 27.03 -99.07 East 
Th. 
marcianus 3203  46.2 8.8 - stub 155 Y 32.27 -110.88 West 
Th. 
marcianus 62801 F 63.8 16.6 157 Y 32.32 -110.81 West 
Th. 
marcianus 66156  40.2 11.1 148 Y 22.73 -98.99 East 
Th. 
marcianus 73579 F 52.1 15 144 Y 22.89 -98.98 East 
Th. 
marcianus 91626  27.5 8.2 154 Y 32.06 -109.04 West 
Th. 
marcianus 94278 M 55.1 11.6 168 Y 31.92 -108.34 West 
Tr. 
biscutatus 111209 M 31.8 6.3 223 Y 31.89 -109.21 East 
Tr. 
biscutatus 28862  23.7 4.7 228 Y 31.58 -106.27 East 
Tr. 
biscutatus 80160 M 30.9 6.4 221 Y 31.87 -109.37 East 
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Tr. 
biscutatus 80830  55.8 12.6 229 Y 31.72 -108.96 East 
Tr. 
biscutatus 85045 M 36.2 8.1 221 Y 31.91 -109.15 East 
Tr. 
biscutatus 106585 M 56.8 12.3 233 Y 27.10 -109.17 West 
Tr. 
biscutatus 115624 M 71.6 12.2 235 Y 31.48 -109.98 West 
Tr. 
biscutatus 126746  69.2 14.4 228 Y 31.76 -110.84 West 
Tr. 
biscutatus 162465  66 11.3 231 Y 32.35 -111.22 West 
Tr. 
biscutatus 60566 M 29.9 5.8 225 N 32.65 -114.33 West 
Tr. 
biscutatus 69661  77.8 12.8 233 Y 31.73 -112.86 West 
Tr. 
biscutatus 77522 M 55.1 10.8 248 Y 24.68 -107.32 West 
Tr. 
biscutatus 77523  20.5 4.6 233 Y 24.71 -107.34 West 
Tr. 
biscutatus 85044  47.4 8.3 233 Y 31.44 -109.48 West 
 
 181 
Appendix 3.2: Multiple regression results from R 
 
Average Migration Rate: lm(formula = dat$Ave_Mig ~ dat$GM + dat$Vent + dat$DIV + 
dat$Niche + dat$Fst) 
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|)    
(Intercept)  9.866e-06  2.667e-06   3.699  0.00767  
dat$GM      -1.122e-06  4.969e-07  -2.257  0.05859  
dat$Vent    -3.186e-07  4.116e-07  -0.774  0.46417    
dat$DIV     -8.779e-13  2.310e-13  -3.801  0.00671 
dat$Niche    5.793e-06  5.081e-06   1.140  0.29179    
dat$Fst     -5.402e-06  5.176e-06  -1.044  0.33134    
 
Residual standard error: 2.121e-06 on 7 degrees of freedom 
Multiple R-squared:  0.8024, Adjusted R-squared:  0.6613  
F-statistic: 5.686 on 5 and 7 DF,  p-value: 0.02073 
 
Head Shape Difference: lm(formula = dat$GM ~ dat$DIV + dat$Vent + dat$Niche + dat$Fst + 
dat$Ave_Mig) 
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|)    
(Intercept)  5.624e+00  1.587e+00   3.543  0.00943  
dat$DIV     -3.647e-07  1.890e-07  -1.930  0.09498  
dat$Vent    -1.007e-01  2.452e-01  -0.411  0.69347    
dat$Niche    8.729e-01  3.185e+00   0.274  0.79192    
dat$Fst     -5.761e-01  3.212e+00  -0.179  0.86276    
dat$Ave_Mig -3.755e+05  1.664e+05  -2.257  0.05859  
 
Residual standard error: 1.227 on 7 degrees of freedom 
Multiple R-squared:  0.528, Adjusted R-squared:  0.1908  
F-statistic: 1.566 on 5 and 7 DF,  p-value: 0.2841 
 
Vertebral Number: lm(formula = dat$Vent ~ dat$DIV + dat$GM + dat$Niche + dat$Fst +  
dat$Ave_Mig) 
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|) 
(Intercept)  4.332e+00  3.694e+00   1.173    0.279 
dat$DIV     -2.464e-07  3.439e-07  -0.717    0.497 
dat$GM      -2.337e-01  5.689e-01  -0.411    0.693 
dat$Niche    2.484e+00  4.785e+00   0.519    0.620 
dat$Fst     -5.251e-02  4.904e+00  -0.011    0.992 
dat$Ave_Mig -2.475e+05  3.197e+05  -0.774    0.464 
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Residual standard error: 1.869 on 7 degrees of freedom 
Multiple R-squared:  0.0976, Adjusted R-squared:  -0.547  
F-statistic: 0.1514 on 5 and 7 DF,  p-value: 0.973 
 
Environmental Niche Difference: lm(formula = dat$Niche ~ dat$DIV + dat$GM + dat$Vent + 
dat$Fst + dat$Ave_Mig) 
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|)   
(Intercept) -2.410e-03  3.132e-01  -0.008   0.9941   
dat$DIV      4.543e-08  2.163e-08   2.101   0.0738  
dat$GM       1.217e-02  4.438e-02   0.274   0.7919   
dat$Vent     1.492e-02  2.875e-02   0.519   0.6197   
dat$Fst     -1.622e-02  3.801e-01  -0.043   0.9672   
dat$Ave_Mig  2.703e+04  2.371e+04   1.140   0.2918   
 
Residual standard error: 0.1449 on 7 degrees of freedom 
Multiple R-squared:  0.5038, Adjusted R-squared:  0.1493  
F-statistic: 1.421 on 5 and 7 DF,  p-value: 0.3239 
 
Fst: lm(formula = dat$Fst ~ dat$DIV + dat$GM + dat$Niche + dat$Vent +  
    dat$Ave_Mig) 
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|) 
(Intercept)  3.490e-01  2.821e-01   1.237    0.256 
dat$DIV     -7.483e-09  2.732e-08  -0.274    0.792 
dat$GM      -7.938e-03  4.427e-02  -0.179    0.863 
dat$Niche   -1.603e-02  3.758e-01  -0.043    0.967 
dat$Vent    -3.119e-04  2.913e-02  -0.011    0.992 
dat$Ave_Mig -2.493e+04  2.388e+04  -1.044    0.331 
 
Residual standard error: 0.144 on 7 degrees of freedom 
Multiple R-squared:  0.2975, Adjusted R-squared:  -0.2043  
F-statistic: 0.5928 on 5 and 7 DF,  p-value: 0.7079
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